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Abstract.
A high resolution photoelectric spectrometer 
employing a mechanically scanned Fabry-Perot interferometer 
is described. The spectrometer produces high finesse 
spectral profiles continuously and rapidly at repettive 
frequencies of up to 1000 c/s corresponding to a time 
resolving limit of 4 microseconds for a scan of 5 orders.
The display is on an oscilloscope or a pen-recorder 
function plotter.
The instrument has been tested with both the 
high-frequency and direct current discharge spectra of 
mercury. Single intensity measurements are accurate 
and reproducible to better than 0,5?^ . The wavenumber scale 
is linear to 0.5?^  over an order and can be corrected to 
four times this accuracy. The error in determining wave­
number differences corresponds to one tenth of the res­
olving limit for a single measurement and the reproducibility 
is such that the r.m.s. error of ten measurements is one 
thirtieth of the resolving limit. Hyperfine structures 
agree well with recent determinations which use both 
pressure scanned and photographic Fabry-Perot systems.
The mercury isotope abundances have been obtained 
from spectral intensity measurements agreeing well with mass 
spectrometer values. The r.m.s. deviation for a single
— 3
determination is less than 0.5^ of the percentage abun­
dance •
Application of the spectrometer to the study of 
rapidly varying phenomena in gas discharges and shock waves 
is illustrated by spectral profiles showing temporal 
intensity variations in a high-frequency discharge.
Possible application to the determination of refractive 
indices and extension to the ultra-violet for spectroscopy 
from an earth satellite are briefly considered.
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Chapter 1. INTRODUCTION
Although the first spectroscope was used hy 
Newton in 1666, spectroscopy really began with Fraunhofer's 
study of the Fraunhofer lines of the solar spectrum, first 
observed by Wollaston. Having greatly improved the prism 
spectroscope Fraunhofer then invented and constructed the 
first grating (l82l). With the explanation of the 
Fraunhofer lines by Kirchoff (l859) and the mapping of the 
solar spectrum by Angstrom (l868), spectroscopy became an 
exact physical science.
Initially spectroscopists were largely concerned 
with the development of high resolution instruments; thus 
Rowland's spherical speculum grating (188l), Michelson's 
interferometer (l892), Fabry and Perot^s interferometer 
(1896), Michelson's transmission echelon (1898), and the 
Lummer plate interferometer (l90l, 1903). These high 
resolution instruments were not very much used in the 
examination of spectral lines until the discovery of the 
relation between nuclear spin and hyperfine structure lead 
to a considerable interest in high resolution spectroscopy. 
There followed a period of development of light sources, 
giving intense yet sharp lines, and the simultaneous 
improvement of the high resolution instruments so as to 
make full use of these sources.
M  9  —
The results obtained with these high resolution 
spectroscopes, using visual and photographic detection, in 
investigations in atomic and nuclear physics and in 
astronomy are well known^ Unfortunately the photographic 
method leaves much to be desired in the measurement of 
spectral intensity. The photographic plate is not linear 
in its response to light, suffering from saturation and 
inertia, and the sensitivity varies from point to point on 
the plate. Thus for intensity determinations laborious 
calibration techniques are required. Furthermore, there 
are secondary effects which affect the precision of 
measurements. The granularity of the emulsion produces 
noise on the microphotometer trace and the noise at 
neighbouring points is correlated to an extent that limits 
the resolution of the plate. The Eberhard effect, scattering 
of light within the emulsion and internal reflection all 
cause the intensity at a point to be a function of the 
intensities at neighbouring points. In general the errors 
in the measurement of relative intensity from a single 
plate can amount to 5?^ .
The development of the modern photomultiplier with 
its high quantum efficiency, its strict linearity in 
response over a wide range of light intensity and its 
superiority in signal-to-noise ratio over the photocell, 
has greatly increased the accuracy possible in spectro­
- 10 -
photometry. A further favourable factor is the intrinsic 
precision and flexibility of the electrical measurements.
Use of the photomultiplier in spectrophotometry involves 
scanning the spectral profile on a point-by-point basis, 
whereas a long region of the spectrum can be photographed 
simultaneously, but for many applications this is not 
important.
The signal-to-noise ratio of a photomultiplier 
is proportional to the square root of the photocathode 
current and inversely proportional to the square root of 
the bandwidth employed in the subsequent recording 
circuits. Thus in photoelectric spectrophotometry the 
fundamental factors limiting the accuracy are the intensity 
of the radiation falling on the photocathode and the 
fluctuations of the light source. With large signal 
currents, for a given signal-to-noise ratio, a wide 
bandwidth can be employed so that the rate of scan may be 
increased and correspondingly more rapid variations in the 
source can be tolerated. Conversely, rapidly varying 
phenomena may be studied. This requires flexibility in the 
rate of scan of the spectrophotometer and for some appli­
cations e.g. gas discharges, scanning times of the order 
of milliseconds or less are needed.
The photocathode signal current depends on the 
brightness of the source and on the luminosity of the
— 11 —
spectral apparatus. Jacquinot (1954) has shown that, for 
a given resolution and for the same dimensions of the 
dispersive elements, the luminosity of a l*ahry Perot 
photoelectric spectrophotometer is greatly superior to 
that of a grating or prism instrument. This is because 
the interferometer permits the use of a much larger area 
of slit for a given resolution. Consequently, there has 
been an increasing use of the interferometer for photo­
electric recording. In photoelectric spectroscopy, the 
interferometer is used as a linear wavelength filter and 
the wavelength transmitted is varied by a variation of 
the optical path. This linearity in dispersion permits 
the very accurate and rapid measurement of wavenumber 
difference. Pabry Perot rings, of course, obey a 
parabolic law and in the photographic method much comp­
utational labour is involved.
The now well known method of pressure scanning 
introduced by Jacquinot and Dufour (1948), has been widely 
applied to many spectral problems in the visible, ultra­
violet and infra-red regions. An extended source is used 
giving a Haidinger fringe pattern and the photomultiplier 
is placed behind a circular aperture at the centre of the 
rings. Pressure scanning, however, has serious disadvantages. 
The spectral scan must necessarily be slow to avoid heating 
effects. This means that full advantage cannot be taken
— 12 —
of the wide handwidths permtted hy bright sources, so 
severe limitations are set on the constancy of the light 
source and rapidly varying sources cannot be studied. 
Similarly changes in the interferometer itself during the 
time of scan lead to errors in intensity values. Also at 
low plate separations i.e. at low resolutions, the wave­
number range scanned is usually not sufficient to cover 
even one order. Less serious, but still important, is 
the light lost at the extra windows.
Alternatively the spectral profile can be scanned 
by varying the plate separation (as in fact is used in the 
present work) provided the plates can be kept parallel to 
the necessary high degree of accuracy. Because of the 
advantages of mechanical scanning several other attempts 
have been made to overcome the parallel movement problem 
but all previous high finesse devices have been slow scanners 
and mechanical and hysteresis effects affect the wavenumber 
scale accuracy (Chabbal and Soulet 1958).
The present work began with the aim of designing 
and building a photoelectric Fabry Perot spectrometer 
capable of producing high resolution spectral profiles 
continuously and rapidly. The resulting instrument appears 
to be the first permitting a high finesse spectral profile 
to be continuously scanned over a wide range of resolution 
and scanning speeds. The design, construction and testing
- 13 -
of the interferometer and the auxiliary apparatus are 
described in Part I of this thesis, together with a 
treatment of the complete theory of the spectrometer.
The scanning is achieved by mechanical movement 
by exploiting the linear properties of electromagnetic 
and elastic forces and the translatory movements of 
parallel spring systems. The departure from parallelism 
amounts to A/90O per order so that 35 orders could be 
scanned before the departure from parallelism became of 
the same order as the non-flatness of the plates them­
selves, and by using better springs, it should be possible 
to improve even on this. The spectrometer produces high 
finesse spectral profiles continuously and, if required, 
rapidly at repetitive frequencies up to 1000 a/s, corres­
ponding to a time resolving Imit of 4 microseconds. The 
display is on an oscilloscope or a pen-recorder function 
plotter. The optical arrangement is such that a point 
source only is required so that merely a small local region 
of the source is under examination at any time and the 
whole source image can, in fact, be easily scanned across 
the first aperture. Thus local changes are readily det­
ectable, making the instrument very suitable for the 
examination of spatial variations in gas discharges and 
other light sources. Further, the use of a small aperture 
at the focus of the collimator lens entirely eliminates
- 14 -
secondary images (Tolansky 1947).
The system has been tested with the mercury 
spectrum, the necessary high finesse being obtained with 
silver layers of high reflecting power and low absorption.
On the function plotter trace single intensity measurements 
are accurate and reproducible to better than 0.5^ and thus 
approach the limit set by the recording apparatus. The 
limiting factor in the determination of intensity is now 
the light source fluctuations. The minimum time required 
for scanning with function plotter recording is one minute. 
The wavelength scale is linear to 0.5^ over an order and 
can be readily calibrated to four times this accuracy.
The limiting factor in wavelength measurement is the 
accuracy of locating the fringe centres. The error for a 
single measurement corresponds to one tenth of the 
resolving limit and the reproducibility is such that the 
r.m.s. error of ten measurements on separate traces is one 
thirtieth of the resolving limit.
Oscilloscope recording is used for rapidly varying 
sources and again accuracy is limited by the oscilloscope 
itself y being about 2?^ . By varying a direct current bias 
voltage across the moving coil vibrator, used as a drive 
for the mechanical scan, the zero position of the moving 
plate may be slowly altered even while it is oscillating^. 
Thus the relative position of a spectral line on the
- 15 -
oscilloscope trace is varied and this provides an accurate 
method of wavenumber difference measurement directly on 
the oscilloscope, by comparison of bias current values.
The oscilloscope is used as a monitor when adjusting the 
source and the interferometer for function plotter 
recording. In all cases the bandwidth, and hence the 
scanning speed, is determined by the strength and constancy 
of the source. Spectral profiles have been obtained showing 
intensity variations and variation of rise and decay times 
with discharge current in a high frequency discharge source.
The use of the spectrometer for the determination 
of the isotopic composition of mercury by spectral analysis 
is described in Part II of this thesis. To be able to 
control the separation of isotopes and to determine the 
isotopic composition of elements it is necessary to have 
sufficiently reliable and exact methods of isotopic 
analysis operating at maximum speed. It is desirable that 
the apparatus used for this purpose be simple and relatively 
inexpensive. Mass spectrometers are widely used for this 
determination but they suffer from the disadvantages of 
high capital cost and of requiring skilled and expensive 
maintenance. Moreover, a mass spectrometer cannot always 
differentiate between ions having identical mass numbers 
and charges. More seriously, the large ’’memory” of the 
instrument frequently causes the results of the analysis
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of a sample to depend quite strongly on the composition 
of previous samples, so much time has to he spent in 
cleaning out and conditioning the apparatus each time. 
Efforts have, therefore, been made to develop alternative 
methods for isotopic determination and of these the most 
successful has been the spectral analysis method.
The quantitative analysis of isotope mixtures 
by emission spectroscopy depends on the fact that when 
the spectra of isotopes of the same element are examined 
under conditions of sufficiently high resolution, it is 
found that each spectral line is, in effect, the resultant 
of several lines, each of which corresponds to one of the 
isotopes present in the mixture. If the resulting 
structure is sufficiently well resolved then the isotope 
abundance is obtained directly from the ratios of the 
strengths of these components, allowance being made for 
overlap, and provided a line is selected which is free 
from self-absorption.
The optical method is now widely used, improvement 
in speed and accuracy having been obtained by substituting 
photoelectric for photographic detection. Echelle gratings 
and the more compact and cheaper pressure scanned 
Fabry-Perot spectrometer have been used as dispersing 
elements. It would be expected that an oscillating Fabry- 
Perot spectrometer should provide better values of isotope
— -j 7 —
abundances because of its flexibility and speed of 
recording. To test the system the mercury isotope 
abundances were determined from a spectral profile of 
\6123 of Hgl. This line is particularly suitable for 
this purpose as the isotope shift is large and the self- 
absorption is neglgible. A high-frequency electrodeless 
discharge was used as source in preference to a hollow 
cathode lamp, the line being particularly enhanced in the 
high-frequency discharge and the intensity more stable. 
Further, there appeared to be anomalous intensity modi­
fication of the odd isotope components at large currents 
in the hollow cathode discharge.
The measured intensities of the isotope components 
agree closely with the mass spectrometer values, the r.m.s. 
deviation for a single determination being less than 
0.5^ of the percentage abundance, compared with a precision 
of 1^ reported for a pressure scanned interferometer 
(Thorne 1960). The oscillating Fabry-Perot spectrometer 
thus provides an accuracy in the determination of isotopic 
ratio exceeded only by the more refined gaseous—source 
mass spectrometers while having the advantages of speed, 
simplicity of operating procedure and cheapness of capital 
and maintenance costs.
Finally, the use of the instrument under remote 
control conditions, as in an earth-satellite, is briefly
- 18 -
discussed, together with the method of use as a 
refractometer to measure, for example, the indices of 
gases in Cerenkov counters.
Some of the work described in this thesis has 
already been published in a condensed form (Tolansky & 
Bradley, 1959; Bradley, 1961).
Part I.
The Spectroscope
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Chapter.2. Fahry and Perot’s Interferometer in Spectroscopy.
2.1. Historical Introduction.
Fabry and Perot's interferometer, in its étalon 
form, has been the most widely used instrument in the 
optical study of hyperfine structures. The apparatus, 
invented in 1896 and first described by Fabry and Perot 
in 1897, consists of two transparent plates coated with 
reflecting layers and separated by an air space. The 
earlier type of instrument (Plate 1) was commonly made 
with one movable plate but this form became obsolete 
because of the difficulty of working ways to the necessary 
accuracy. In its later form (Plate 2) a fixed spacer, 
usually a ring of invar or fused quartz, was used. This 
type of interferometer was called an étalon by its inven­
tors .
In its classical form the étalon has been turned 
to many uses. If the relative wavelengths of three mono­
chromatic radiations are known, the length of the étalon 
can be calculated in wavelengths of light by the well known 
method of exact fractions. Thus Benoit, Fabry and Perot 
(1913)5 Watanabe and Imaizumi (1927, 1928), Sears and Barrel 
(1932, 1934), Fosters and lampe (1934), and Romanova, Varlich, 
Kartashev and Batarchukova (1942) have measured the metre
_ 20 -
Plate 1
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in terms of the wavelength of light. Another use has been 
in#6 search for even more precise wavelength values. Fabry 
and Perot, themselves, measured the iron arc and solar 
spectra as early as 1902, and since then the instrument 
has been extensively used in establishing secondary standards
In the determination of nuclear data through the 
study of optical hyperfine structures, the étalon has been 
widely used because of its high resolution and its adap­
tability to the particular spectrum being examined (Tolansky 
1947). Likewise, from an early date, the étalon has been 
used in astronomy. Investigations have been carried out on 
the great nebula of Orion (Buisson, Fabry and Bourget 1914), 
the solar spectrum (Babcock 1927), and auroral lines 
(Babcock 1923, Vegard and Harang 1934). More recently 
Courtes (1951, 1958) has determined the relative Doppler 
displacements in different parts of a nebula by measuring 
the complete ring system; Jarret and von KLuber (1955) have 
studied the green coronal line; Treanor (1957) has examined 
solar line shapes and Shcheglov (i960) has obtained H c( 
photographs of various nebulae with image tube detection.
Another use has been as a refractometer, as early 
as 1908 by Rentschler and since then by Meggers and Peters 
(1918) and Barrel and Sears (1939). More recently the 
refractive indices of gases used in Cerenkov counters have 
been measured.
22 -
■Il
Plate 2
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For a long time the interferometer was very little 
developed until Jacquinot and Dufour (1948) adapted the 
étalon for photoelectric recording. Such a Fahry-Perot 
Spectrometer turns out to he much more luminous than 
conventional prism or grating spectrometers with the same 
resolving power, regardless of the value of this resolving 
power (as will he shown in Chapter 3). With the realisation 
that the interferometer can he used with success outside 
the photographic region and over a wide range of resolution, 
provided the mechanical scanning problem could be satis­
factorily solved, the instrument has entered a new phase of 
development. Before discussing the use of the interferometer 
in photoelectric spectroscopy, the well known elementary 
theory of the étalon will be briefly recalled.
2.2. Elementary Theory of the Etalon.
The interferometer consists of two transparent 
plates of which the faces are, in principle, perfectly flat 
and parallel and coated with reflecting layers of reflecting 
coefficient R, absorbing coefficient A, and transmitting 
coefficient T. An incident light ray suffers multiple 
reflections at the two surfaces and the transmitted rays 
are brought to the focus of a lens (Figure 1). The optical 
path difference, A , between two successive transmitted 
rays is 2ntCos 0, where Q is the angle of incidence and nt
- 2Jf ,
e 1
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is the optical thickness of the interferometer. The 
condition for constructive interference is 2nt Cos ^ = m A , 
where m is an integer and is called the order of interference 
Otherwise the incident energy is reflected hack to the 
source. The Fahry Perot interferometer (hereafter referred 
to as P.P.) acts as a wavelength filter for a given value 
of A , and monochromatic light from an extended source 
gives rise to ring fringes of equal inclination. In the 
latter case all light incident along the surfaces of cones 
of semi-angle 0 contributes to form a circular fringe 
when A  = •
The light distribution at the focal plane of the 
lens is given by the well known Airy formula
I = . 1
(1 -  R)^ 1 + - ^ p  S i n ^ l
(1-R)^
where S, the phase difference, = (^ )2nt Cos 0 . As Sinf
2
varies between 0 and 1, the intensity varies continuously
t2
from the maximum value Imnir =  o to the minimum value
. 2  (1 -E )2
Ijnin = --------- • For non-absorbing layers T = (1 - R)
(1 +
and the transmission is unity at the fringe maximum but 
the minimum is never zero. The use of the P.P. in spectros* 
copy depends on the variation of A with the optical thick­
ness or its variation with the angle of incidence of the
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beam. The photographic method, based on variation of the 
angle of incidence, is considered first.
2.3. The Spectrographic Method.
Since the optical path difference, ^ , depends 
on 0 the different radiations of the spectrum are trans­
mitted in different directions and a photographic plate 
placed in the focal plane records a series of circular 
fringes for each radiation. These systems of rings are 
centered on the normal to the P.P. and represent the loci 
of points for which Cos 0 = m X/2nt. Por two close lines, 
separated by a wavenumber difference of dV  , the corresponding 
fringes will be separated by a fraction of an order dm, where 
dV = dm/2ntCos 0 £  dm/2t. Since dm is rarely determined
to an accuracy of greater than 1 in 1000, measurement of 
the plate separation by a good micrometer or microscope is 
of sufficient accuracy. Exceptionally the method of exact 
fractions, due to Benoit could be used if the accuracy of 
the value of dm justified it.
The parabolic dispersion of the P.P. makes the 
evaluaton of the order fraction, dm, difficult. The diameter 
of the k th ring is given by the equation m-j d;^  ^=
8f^(k - 1 + ), where f is the focal length of the camera
lens, m^ is the order of interference of the first ring and 
6, is the fractional order at the centre o Por the evaluation
-  2 7  -
of dm either complete ring diameters have to he measured, 
or the ring centre has to he computed, or approximations 
have to he adopted to reduce the computational labour 
(Tolansky 1947).
2.4. Photoelectric Spectrometry.
The application of the P.P. to spectrometry 
consists, generally, of replacing the photographic plate 
by a photoelectric detector placed behind a diaphragm. The 
diaphragm isolates a region of the focal plane which 
receives rays of the same wavenumber. The wavenumber trans* 
mitted can be varied continuously by varying the optical 
path difference, A  > either by variation of Q or by 
variation of the optical thickness nt. In the first method 
the fringe pattern passes across the diaphragm and in the 
second method the fringe pattern expands into or out of a 
fixed central circular aperture. It is necessary to use a 
monochromator to prevent overlapping of orders.
2.4.1. Exploration of the Spectrum.
Prom the relation = m/2nt Cos 9 > it follows 
that the wavenumber passed by the P.P. can be varied by 
variation of one of the factors Cos Q , m, or nt.
The simplest method of scanning is to vary Q by 
tilting the interferometer. This solution has been used by
—. 2 8  —
G-eake and Wilcock (1957), Jaffe (1958) and Humphreys and 
Paul (1958). Although simple in use, this method has the 
disadvantage of a large loss in luminosity because of the 
use of a Elit instead of a diaphragm of circular symmetry. 
Further, the instrumental profile changes, both in finesse 
and in peak transmission, during the course of a scan.
A variation of the optical thickness nt can be 
achieved by variation of n or t. In the pressure scanning 
method n is varied by a variation of the pressure of the 
gas between the étalon plates. The P.P. is placed in a 
pressure chamber and the optical path difference is varied 
at an accurately constant rate by variation of the pressure. 
The scanning rate is controlled by various means such as the 
supersonic leak of Rank and Shearer (1956), the servo control 
system of Dufour and Jacquinot (1948), the displacement of 
a piston (Brody, Tomkins and Pred, 1957, Cook, 1959, Thorne 
i960) or the use of a commercial pressure controller 
(G-eake, Ring' and Woolf 1959). The accuracy of the wave­
number scale, depends on the degree to which the rate of 
change of the air pressure can be kept constant and it has 
proved difficult to achieve the accuracy required for some 
purposes (Kuhn and Lucas-Tooth 1958, Cook 1959). This has 
led to the direct plotting of the pressure instead of time 
as the wavenumber scale (Kuhn and Lucas-Tooth 1958).
The wavenumber interval explored is given by
-  2 9  -
6 ^  = 6 * ^  = CAP, where C is a constant = 3 x 10”“^  
atmosphere"^^ for air, A change of one atmosphere in the 
pressure permits the exploration of a wavenumber interval 
of 6 cm"“^ at ^  5000. For resolutions of less than 100,000 
this interval is smaller than the free spectral range. By 
using greater pressure differences (Ring and Woolf 1958) 
or other gases (Dupeyrat 1958, G-eake, Ring and Woolf 1959) 
it is possible to scan a greater wavenumber interval. With 
these greater pressure differences, however, heating effects 
are likely to be more troublesome thus requiring a slower 
scanning rate. A wavenumber scale accuracy of only f^o is 
reported (Geake, Ring and Woolf 1959).
Alternatively, the spectral profile can be scanned 
by varying the plate separation t (as in fact is used in 
the present work). The variation of t requires a mechanical 
displacement of one of the P.P. plates, A displacement 
of /^2 is sufficient to explore the free spectral range 
at all resolutions so that the method is independent of 
resolution and can be used, in particular, for low res­
olution. scanning, where the range which can be explored by 
pressure variation is not sufficient.
As mentioned above, pressure scanning must neces­
sarily be slow to avoid heating effects. This means that 
full advantage cannot be taken of the wide bandwidths 
permitted by bright sources so severe limitations are set
-  3 0  -
on the constancy of the light source or elaborate techniques 
have to be devised to partially reduce the effect of source 
variations (Cook 1959). Any relative variations in intensity 
of components within the pass band of the auxiliary mono­
chromator, of course, cannot be corrected for. These 
temporal source variations together with any changes in the 
interferometer itself during the time of scan lead to errors 
in intensity values. Conversely, rapidly varying phenomena 
such as occur in gas discharges, shock waves and luminescent 
sources cannot be studied. Other less serious disadvantages 
with pressure scanning are that light is lost at the extra 
windows and extension to the vacuum ultra-violet would not 
be possible.
With mechanical scanning the difficulty is to keep 
the plates parallel to the high degree of accuracy necessary 
to maintain a constant finesse, and hence constant resolution, 
throughout the spectral trace. Moreover the variation in t 
must be accurately followed and recorded so as to provide 
the linear wavenumber scale of the spectral profile.
The advantages of mechanical scanning have encouraged 
several attempts to overcome the parallel movement problem.
All the earlier solutions proposed have been slow scanners, 
with one exception, Gobert (1958), who employed a mechanical 
spring system but with very inferior finesse and resolution.
In a recent paper Terhune and Peters (1961) describe a
—  3 1
prototype oscillating movement for use in the infrared, 
where the demands on parallelism are correspondingly less 
than in the visible or ultra-violet regions. The movement 
was tested at the low finesse of 10, in the visible and 
the spectra are recorded on an oscilloscope. No indication 
is given of the linearity or accuracy and reproducibility 
of the wavenumber scale. In fact it appears that the 
oscilloscope time base is used as the wavenumber scale 
while the separation is varied sinusoidally. No reference 
is made to the previous papers of Gobert or Tolansky and 
Bradley.
Among the slow scanning systems, Chabbal and
Soulet (1958) use the elastic deformation of a metallic
membrane in the centre of which is placed the plate.
Dupeyrat (1958) reports on exploratory experiments with
(1958)
magnetostriction and piezo effect. Roig/describes the use 
of thermal expansion to move one plate. Smith and Heavens 
(1957) and Greenler (1958) describe infrared spectrometers 
with micrometer screw drives. Where these slow scanners 
have been tested at high finesse, hysteresis or mechanical 
effects have resulted in the accuracy of the wavenumber 
scale being inferior to that obtained with pressure scanning 
(Chabbal and Soulet 1958).
The present work began in 1957. The object was to 
design and build a photoelectric P.P. spectrometer to obtain 
accurate high resolution spectral profiles of hyperfine
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structures, continuously and rapidly. For the reasons 
given above mechanical scanning was decided upon. The 
optical principles of an oscillating P.P. spectrometer 
were discussed and the results obtained with a first 
instrument were described in a symposium at the National 
Physical Laboratory in 1959 (Tolansky and Bradley). Since 
then the interferometer has been developed for very 
accurate intensity measurement. In the chapters following 
the discussion of the complete theory of the interferometer, 
the design, construction and testing of the successful 
scanning system will be described. The scanning times 
used vary from 100 microseconds per order to 1 minute 
per order. Even higher scanning speeds should be possible 
by varying the design parameters (moving mass and spring 
thickness) and the only limitations on the use of slower 
speeds are thermal variations affecting the interferometer 
spacing and the constancy of the light source.
2.4.2. Optical and other advantages.
There are several very real optical advantages 
in the use of the P.P. as a photoelectric spectrometer.
2o4.2.1. Resolving Power. It is not always realized that 
with the Pabry-Perot rings the resolving power at large 
plate separations (when it is most needed) falls off 
appreciably through loss of beams. When a beam at incid­
ence 0 strikes the plates, it displaces laterally and
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this can lead to a surprising loss of intensity of higher 
order beams through escape of light outside the edge of
the plates. The lateral displacement of the (p + 1) th
beam is 2pt ©. The angle 0 corresponding to the kth 
ring is, closely enough, 0 = Vk \/t\ thence for the k th
ring the lateral displacement of the (p + 1) th beam is
2p y  k X t
Taking as a practical case an interferometer 
with plates of diameter 5 cm and considering the 10th 
ring (k = 10) for the case of a plate separation 
t = 10 cm, then computation shows p ^  l6 which means 
that all beams above the 16th are lost, since this beam, 
already reaches the interferometer edge. This reduction 
in the number of beams leads to appreciable fringe broad­
ening. It is a matter of common knowledge that with large 
separations the Pabry Perot rings are broader than they 
should be and this is one of the causes, a cause rarely 
appreciated.
In the P.P. spectrometer the light is incident 
normally, hence this particular defect does not arise and 
for large plate separations a nearer approach to theoretical 
resolving power can be expected than with the photographic 
method.
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2.4.2.2. Linearity in Dispersion. The dispersion along 
the spectral profile is linear as long as the wavenumber 
scale parameter is sufficiently accurately recorded. The 
cumbersome computations of the photographic method are 
replaced by the measurement of a simple length ratio to 
give the wavenumber difference as a fraction of an order,
. Then j 2nt. Thus the very accurate
measurement of wavenumber differences can be rapidly 
carried out.
2.4.2.3. Linearity in Intensity. Of perhaps more value is 
the lineaxity in intensity of the spectrometer. In the 
measurement of intensity with the spectrograph, apart from 
the defects associated with photographic photometry in 
general, systematic instrumental errors result in the 
accuracy obtainable being far less than that in the deter­
mination of wavenumber differences. In fact accurate 
intensity measurements have rarely been made with the P.P. 
spectrograph. The elementary theory of the P.P. leads to 
all orders having equal intensity. Any photograph of the 
fringes shows that this is, in fact, not the case.
This is due to two factors. One is that the 
biggrr the value of 0  , the more beams are lost because 
of the finite aperture of the plate, as discussed above.
The second factor is that the bigger the value of Q , the 
more the effective collecting aperture is reduced, being, 
of course, proportional to Cos 0-. Por both these reasons.
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therefore, a uniform source produces a fairly flat maximum 
in the central group of orders and the intensity then falls 
off regularly towards the outer fringes.
Since incidence in the spectrometer is normal, 
these defects are once more eliminated. Of course, the 
display of the real intensities as recorded by the photo­
multiplier, is by itself an enormous step forward beyond 
classical photographic microdensity measurements for 
intensities.
2.4.2.4. Source Wavenunber and Intensity Variations. The 
ring pattern of the P.P. spectrograph requires an extended 
source and any ring arises from all light incident at an 
angle 0. If light is condensed into the interferometer 
then the ring pattern is an integration from the source.
If there are local source variations in wavenumber or 
spectral widths (magnetic or electric field effects, local 
reversals, local temperature variations, etc.) these all 
lead to an integrated broadening. Similarly intensity 
variations within the source are also averaged out and 
disappear in the fringe pattern, and for some applications 
this is most undesirable.
With parallel beam systems of illumination (still 
requiring an extended source for the photographic method) 
there is point to point correspondence between the source and 
the fringe system. Any variations of intensity within the
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source are reproduced in the fringe system hut any local 
wavenumber variations lead to distortions from the perfect 
circle in the ring pattern. Such effects are notoriously 
difficult to measure or to detect and may be confused with 
any possible geometrical lens distortion effects which 
optical systems can produce, even on truly circular rings.
In determining the intensity ratios of components source 
variations have to be corrected for, of course, and it 
is not possible to obtain the ratios of components at a 
point in the source if the values of the ratios vary across 
the source.
Using the P.P. spectrometer only a small local 
region of the source is under examination at any time so 
variations within the source do not affect intensity or 
wavenumber measurements. On the contrary, since thevhole 
source image can in fact be easily scanned across the 
entrance aperture local changes are readily detectable.
Thus the spectrometer is eminently suitable for studying 
spatial and temporal variations in light sources.
2.4.2.5. Other advantages. These include extension to the 
infra-red and, for a rapid mechanically scanned P.P., the 
possible extension to the vacuum ultra-violet; the speed, 
accuracy and ease of getting results and the possibility of 
use under remote control conditions as in an earth satellite.
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Chapter 3 # A more complete theory of the Interferometer.
The interference spectroscope, like all spectroscopes, 
is designed to produce a spectral profile, that is to say 
a function B which represents the distribution, in terms 
of frequency, of the luminous intensity of a source. In 
fact a spectroscope yields a curve Y which is not, in 
general, identical with the spectral profile B examined, 
but is derived from this profile after successive dist­
ortions by the dispersive element and the recording appara­
tus .
In the case of the P.P. not only the radiation of 
wavenumber , given by CoS 6 = m, is transmitted
in the direction 0 but also neighbouring radiations.
This results in a distortion of the source function B to 
produce an emission function T. The interferometer is 
followed by a detecting and recording apparatus whereby 
the function T is observed. If the image is focused on a 
photographic plate this, after microphotometry, will yield 
a curve Y, which will be identical with T if the grain 
size is infinitely small and the microphotometer is perfect. 
Similarly with a photoelectric detector Y will be identical 
with T if the isolating aperture is infintely small in area.
The amount of distortion caused by the dispersive 
element and the recording apparatus can be reduced so as to 
make Y a progressively closer copy of B but the detector 
then receives progressively less energy. A choice has to 
be made between two contradictory qualities, luminosity 
and resolution. A complete theory of the interferometer
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should give the optimum conditions under which the 
luminosity, for a given resolution, is a maximum.
3.1. The Instrumental Function.
The properties of a spectoscope are completely 
determined hy the form of the recorded function Y corres­
ponding to a perfectly monochromatic spectral line, for 
which 80^ = , 'S being the Dirac function and
the wavenumber. The representation of the monochromatic 
line by the spectroscope is a curve, spread out over a small 
wavenumber interval, described by the function Y =
) is, by definition, the instrumental function.
It follows that if the spectroscope is illuminated 
by radiation of spectral density B  (the source functnn) 
the recorded spectral profile Y is given by 
Y(1) ) = ^ is the convolution of the
source function and the instrumental profile.
In the elementary theory it is assumed that the 
interferometer plates are perfectly plane and parallel and 
that the width of the analysing diaphragm or the grain size 
of the photographic plates are negligible. This is not 
true of course for an actual interferometer so it is 
necessary to take all these factors into consideration 
in a more complete theory. The instrumental profile is 
then not the Airy function but is the convolution of two
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functions, which will now be defined.
3.1.1. The Etalon Function, E .
This determines the transmission through the, 
étalon, as a function of angle of incidence 0 , of radiation 
of v/avenumber '9 . The form of E depends on the reflecting 
power and on the degree of perfection of flatness and of 
parallelism of the plates. These two properties of the 
interferometer can, in turn,' be described by the Airy 
function A and a surface defects function D, respectively, 
such that E is the convolution of E and D, i.e.
3.1.1.1. The Airy Function. Consider a perfect étalon, 
the plates of which are perfectly smooth and parallel, so 
that the optical path difference between successive beams is 
exactly 2nt Cos 0 . For plates of large enough area, so 
that no beams are lost, there would be an infinite number 
of interfering beams. Under these conditions the emission 
function T is the Airy function
A('»)= {rjl-Rf' ^
which can also be written in the form
A(5>) ^ T a /  I +(()
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where ^  A “ is the maximum
transmission, and satisfies the relation
2nt Cos 6 = m/ (m integral). (j) - r^^  j %
The halfwidth of each peak of the Airy function 
can he calculated in two stages. The distance between 
orders, the free spectral range, is obtained by putting 
& m = 1 in 2nt Cos 6 A V  = 6 m, giving AV = i/2nt Cos 0 ^  
l/2nt. It thus depends only on the optical separation of 
the étalon plates. The Airy function halfwidth can then 
be expressed as a fraction, 1/N(^  of the free spectral 
range Û V  . = 11/51/(1 - R) is called the "reflecting
finesse" and its value depends only on the reflecting 
power. The halfwidth a of A is a = à)//N^  = ( l/2nt ) .0-^VîT%^
3.1.1.2. The Surface Defects Function. In reality the 
plates are curved, their surfaces are not perfectly smooth 
and they are not parallel, so that the separation of the 
F.P. is not constant over all its area. The interferometer 
can be treated as an assembly of elementary étalons of 
different separations. The variation in t is then charac­
terized by a distribution function cD (t) = dS/dt, where 
dS is the area of the elementary étalons with separations 
in the range t - dt/2 to t + dt/2. If tg is the separation 
corresponding to the maximum value of ^  (t), writing 
X = t - tQ introduces a function (x) = dS/dx which is
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independent of the interferometer separation and the form 
of which depends only on the nature of the surface defects. 
The form and halfwidth of ^ (x) can he easily obtained 
for the three types of deformation or maladjustment 
illustrated in figure 2 and commonly met with in practice.
(i) Perfectly smooth plates having spherical curvature 
(figure 2(a)). The area dS corresponding to separations 
in the range to + x to t^ + x + dx is dS = S/a.dx (S is 
the total plate area), so (x) = dvS/dx = S/a and is a 
rectangular function, zero for a <.x< 0 and constant for 
0 < X < a. Its half width is 6 x = a.
(ii) Flat plates with randomly distributed microdefects. 
(figure 2(b)). Since the magnitudes of the defects, x, have 
a random distribution (^(^^ -  ^
where again S is the total plate area and b = ^ x is the 
halfwidth of (x) and is a measure of the importance of 
the defects. For a Gaussian distribution x"*-
(Lii) Departure from parallelism by a maximum amount c.
(figure 2(c)). For smooth flat circular plates, by simple 
geometry, dS = S/jT c - 4x^/c^ '.dx and
^  (x) = S/]f c - 4x^/c2 for -c/2 x < c/2 and (x) = 0 
for c/2 ^ X < -c/2. The halfwidth ^ x = (/3V2).c.
In these three cases the halfwidth ^ x of 
(x) is a simple function of the maximum value, or, in the 
case of random microdefects, the r,m.s. value of the cor-
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(a)
(b)
(c)
F i g u r e  2
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responding defect, Usually plates are described as being 
flat to a fraction of a wavelength, \ /n^. It follows that 
in all cases X/nQ is the halfwidth of the function JD (x).
With separations t^ and t^ + x there can be 
associated, for a given Ô , the wavenumbers m/2nt^.Cos & 
and = m/2n(to + x) .Cos 0. Thus the interval x - t - to 
corresponds to the wavenumber interval ( \1 - ) =
S)\|^ 2Cos 0 .x/m and similarly the function corresponding 
to (x) is U( ^ ) = dS/d V = (x)dx/d V .
In the three cases considered the relevant 
functions are then:
(i) I)( >1 - ) = s / d ,  constant for -d/2 <  V <  d/2 and
otherwise zero.
(ii) I i ( V = ( s / d)  ( / 4 -  ^ ^ J  ,
(iii) D( V - Vo ) = S/d(4/ir )/rl3(l d- for -d//T^ x < d//l
and otherwise zero.
In all cases d is the halfwidth of the appropriate function.
Generally the three types of defect exist 
simultaneously in the interferometer and the surface defects 
characteristic function of the interferometer is the con­
volution of the three functions above. The halfwidth d, 
of D( ) is related to the halfwidth ^ x of (x)
through the simple relation d where A V
is the free spectral range and is the wavelength
associated with the separation tg. The coefficient of
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finesse for surface defects = £i)i/d is then equal to 
^Ao/^3y/*^X Cp ©  and is independent of the separation of 
the P.P.. Writing Cos 9 = 1  and^x = A^/n^ gives the
simple relation = n^/2. is also called the
limiting defirition since it is usually the surface defects 
wHch limit the finesse obtainable with a P.P.
3.1.2. The Scanning Punetion P .
Because of the finite width of the isolating 
focal diaphragm or the fiiiite size of the domain of integ­
ration of the photographic plate, a wavenumber interval,
^  Vq > in the neighbourhood of is recorded. Thus
the recording system is characterized by a scanning 
function P( V - )• The form of P( V - ) depends onr u
the nature of the diaphragm or photographic plate. Por an 
annular diaphragm P( ^ ) = 1 for %  2 and
P( - Vç) = 0 for all other values of V . f is the half­
width of P( V - V^) = ^ Y and from the relation =
it follows that f = CoS =
The solid angle subtended by the diaphragm, ,
= XTf ^  so ^  SX * y/Rp where
R p  is the resolving power that would be obtained with 
the spectrometer if the width of the analysing aperture were 
the only factor limiting resolution. This simple relation 
enables the effect of a scanning aperture to be quickly
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computed.
3.1.3. An actual spectrometer.
Por some applications of the P.P. spectrometer it 
is possible to ignore the effect of one or other of the 
functions A, P, P, but, generally, the instrumental 
function is given by the convolution of E and P.
Knowing the instrumental function, the resolution properties 
of the spectrometer can be determined.
\
3 .2. Resolution.
The source function B(V ) is usually a series of 
peaks representing spectral lines. The recorded function 
Y resembles more closely the source function B the smaller 
the half width, w, of the instrumental function W, 
compared with the half widths of the variations in B. Tv/o 
such peaks of B, representing monochromatic lines, are 
resolved when the wavenumber separation is greater than a 
value 5* y f which is of the order of the half width w of 
W. The precise nature of the relationship between and
w depends on the particular definition of resolution employed 
and on the form of the function W. Resolution is usually 
defined by making ^V = w and then the resolving power R 
^^5)) = ^ /w. This definition is particularly useful in
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the matter of separating two components of equal intensity.
To take into account the dependence on the form of 
W of the relationship between and w another quantity,
C is defined. The contrast, C, is the ratio of maximum 
and minimum heights of the instrumental curve W. This is 
a very useful parameter for the study of very faint 
satellites which are sufficiently far away from a main 
component.
The resolving power is defined by R ^ P /w
is the effective resolving power, that is the resolving 
power obtained in practice. The ratio of the free spectral 
range to w is the effective finesse N = /w, whence
R = N.2nt S) = O .  N is the maximum number
of spectral elements which can be observed.
Prom the relation R = NK can be seen that the 
effective resolving power can be increased by increasing 
K or N. Increasing K results in a decrease of the free 
spectral range ( = l/2nt) leading to overlapping of
orders so it is preferable to increase the value of N. 
However it is not possible to increase N indefinitely.
Since the instrumental function W is the convolution 
of E and P, the halfwidth w is a function of the halfwidths 
e and f, written symbolically as w = e ê f . If two of 
the widths are known then the third is fixed. Also since
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E is the convolution of A and P, e = a ® d whence
w = a 0  d ® f .  (W is the convolution of A, P, P, written
symbolically W = A^ P^ P.) The exact relationship between 
w and a, d, f depends on the forms of the functions P and P. 
The properties of these functions are well known (Born 1933» 
Minkowski and Bruck 1935, Chabbal 1953), and w can be cal­
culated if the forms of the functions P and P are known.
In general,
(a) w is greater than any of three values a, d, f.
(b) w is smaller than the sum a + d + f.
(c) If one of the halfwidths is negligibly small (say f) 
and the other two are equal then w = 1.4a.
(d) If w = d = f, then w = 1.7a.
Thus the effective finesse N is always smaller than
the reflecting finesse = ZiV/a, the limiting finesse
N =AV/d or the scanning finesse N =Al//f, N ^  0.7N if 
^ r K
= II and f is negligibly small and N ^  0.6N if N = N = 
K ^  R K ^
N .
F
The graph of Ng/Np as a function of (figure 3 )
for the two cases P a Gaussian function of P a rectangular 
function shows that the étalon finesse N^is always less 
than the defects finesse . While NpCan be increased 
indefinitely, by simply decreasing the scanning aperture 
width, and can be made quite large with good quality
coatings, the effective finesse is limited to the value of 
which cannot be greater than no/2 if the plates are
w<\<
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worked to A / n ^ ,  For the visible region rarely exceeds 
40 and is more usually in the range 20 to 35. This emphasizes 
the importance of the figuring of the plates. For extension 
to the ultra-violet region the demands on the figuring are 
particularly great since, of course, the degree of perfection 
required increases with increasing wavenumber.
Before discussing the contrast it is necessary to 
first consider the luminosity of the interferometer.
3.3. Luminosity and Contrast.
3.3.1. Luminosity.
The luminosity of a spectroscope is defined as 
the ratio L = <|)/B of the light flux received by the detector 
to the luminance of the source. The flux (j) is propor­
tional to the area S of the dispersive element and the 
solid angle, SI. , of the detector aperture so that L = SSX
where ^  is a transmission factor, For the F.P. ^  is the 
product of three factors, 7^ = ^ 7 ^ ^  " , the Airy
transmission factor, = (T/i - R) depends only on the 
reflecting layers and equals unity in the absence of 
absorption. (Figure 4a). 7 ^  the étalon transmission factor 
is determined by the maximum value of the convolution A'^L. 
For perfect surfaces it is unity and varies as a function 
of d/a as shown in figure 4b. the scanning transmission
factor is derived from the convolution E*^F and decreases
o»
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from unity as the ratio f/e increases from, zero (Figure 4c).
V/ith photoelectric detection, if flux is not to 
be lost, an aperture of circular symmetry is required to 
receive all the rays of the same incidence. Normal in­
cidence, as discussed in chapter 2, has many advantages so 
a circular aperture on the optical axis is usually employed 
The angular diameter of the hole, ,is obtained from 
the relation ^  Rp = 2 whence (7^  = 2
3.3.2. Contrast.
Contrast is the most important property for inves­
tigating a satellite which is very weak and relatively 
distant from a main component. By definition it is the 
ratio of maximum signal to minimum signal from the detector 
when scanning through one complete order of a monochromatic 
line source.
The maximum and minimum values of the étalon 
function E are given by
. T i  A n  ^
(A^ = maximum, value of the Airy function).
Around its minimum the Airy function changes very little in 
the interval in which values of D are appreciable so
^  -  A«i
and the minimum of A and E are equal. The contrast of the
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étalon function is then C ^  the
reflective contrast, is the contrast of the Airy function 
and depends only on the reflecting power.
Similarly Wn/W^i = TTe 0^. Since C ^  = An/Ai^ =
“I. Tu
1 + 4 R / (1  -  R)^ = 1 + (4Nj^ / ir ^ )  = 4Np. /ïT ^ , G = TTe / iT ^
3.4. The Source Function B .
The source function B('^) gives the brightness of 
the source as a function of wavenumber. Since a F.P.
spectrometer is normally used with a monochromator the
source curve will be bounded by two limiting wavenumbers 
determined by the monochromator. For a '‘monochromatic” 
line the form of B depends on the conditions of excitation, 
mainly the temperature and the pressure. Generally B is 
intermediate in form between Doppler form and resonance 
form.
(i) Doppler Form. Neglecting radiation damping and other 
causes of line broadening, if all the emitting or absorbing 
atoms were at rest the emission would be quite monochromatic 
Because of the thermal motion of the atoms the source 
function of a spectral line is given by
- B  NI If-S. ^
b = the halfwidth = 7.16 x 10*? ^Ji/M; M = atomic weight
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T = absolute temperature, B( ")) ) is a Gaussian curve.
(b) Resonance Form. This, the source function corresponding 
to the natural line width or to pressure broadening, is 
described by EC'S ) = B/^ /l + 4(l^/b)^.
3.5. Optimum conditions of use of the F.P. spectrometer.
The final recorded function is the convolution of 
the source function B, the étalon^ function E and the scanning 
function F i.e. Y = B ^ F ^ E .  The halfwidth of y is therefore 
a function of the halfwidths b, e and f of these three 
functions. The form and halfwidth of B is determined by 
the source used and cannot normally be varied at will. In 
many cases, hollow cathode and high frequency discharges 
for example, the halfwidth bis small and has a negligible 
effect and then y depends only on e and f which characterise 
the spectrometer.
The resolution and luminosity can be varied by 
variation of one or more of the separation, the reflecting 
power, the collecting solid angle and the plate area used.
It is possible to vary this set of parameters in an infinite 
number of ways so as to obtain a particular resolution but 
there is only one combination which gives maximum luminosity. 
It can be shown that the condition of maximum luminosity 
is satisfied by a = d = f if the three functions A, I) and F 
are of the same form. Any differences in form do not 
greatly affect this result so, as a practical guide, equality
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of the three halfwidths may he taken as the condition for 
maximum luminosity and then the effective resolution R is 
about 0.6 times the resolution that would be obtained if 
any two of the three halfwidths a, d, f were zero, i.e.
R = 0. 6R F = 0. 6R^ = 0. 6R/\.
From figures 3 and 4b, making d a  gives 3^  
O.TNf^ and ^  0.75. Increasing the reflecting power so 
that Njç = 2Np increases N to *3 0.85Nj> but the trans­
mission drops to ^  0.5. Since Njj is seldom greater than 
30 in the visible region, reflecting powers of greater than 
0.95 (Nj^  = 60) are not needed, nor in fact, desirable 
because of the low transmission. Having f = d = a means 
that the width of the focal diaphragm must be varied if 
the resolution is changed by variation of the interferometer 
separation, the reflecting power or the area used on the 
plates (which may vary the value of Nj>).
3.6. Comparison with other dispersive elements.
The luminosity of a spectroscope depends on the 
width of the limiting aperture employed, the entrance slit 
of a grating spectrograph or the focal aperture of a F.P. 
spectrometer for example; that is to say on the effective 
resolving power of the apparatus. Thus comparisons of the 
luminosities of different types of spectroscopes should be 
made under conditions of equal resolving power. Boüithe
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F.P. spectrometer and the F.P. spectrograph will nov/ be 
compared with prism and grating instruments under these 
conditions (after Jacquinot, 1954, i960).
3.6.1. Prism, grating and F.P. spectrometers.
With prism and grating spectrometers the effective 
resolving power R can be varied from zero to the theoretical 
resolving power, R^, simply by varying the angular widths 
oi\ , and 0/2, of the entrance and exit slit apertures. The 
condition for maximum flux is that the spectral widths 
Uf, ^  I/D^ and should be equal, and
being the angular input and output dispersions, respectively. 
The flux ^  is given by ^  ^  where,
as before B is the luminance of the source at the wave­
number considered, ^  is a transmission coefficient, 
the solid angle subtended by the output slit and is
the angular height of the slits. Thus ^  = 'lT 6>S^X
since R = \ i n  agreement with the
general rule that the output flux is inversely proportional 
to the resolving power used. For effective resolving powers 
greater than about a third of the theoretical resolving 
power, diffraction effects necessitate a further factor, 
K(R/R^), which varies from zero for R ^  R^  ^ to unity for 
B « R „ .
For a prism E = (t/W)dn/d/\ where t = base
- 56 -
thickness and W is the width of the beam. Thus if h is 
the Jirism height SDg = Adn/dA ; A is the area of the prism 
base. For a grating the corresponding relation is SD =
A(Sin i-j + Sin "^2)Jh • ^2 ^re the angles of
incidence and emergence and A is the area of the grating 
( S == Cos i_2).
Comparing the luminosities of the grating and the 
prism, for equal values of A in e^ ach case:
^  gratingy/^ prism = (dn/dA ^  (Sin i^  + Sin iz).
If the grating is used in a Littrow mounting of blaze 
angle (j) , the maximum value of Sin i-| + Sin ig is 2 Sin «
Using a typical value of 30^ for ^  gives the gain of the 
grating over the prism to bej^X^n/dA^ This quantity is 
always greater than unity, and can be as large as 100.
^  has been taken to have equal values in both cases, 
which is in practice true if the grating is used in the 
maximum of the blaze.
For the F.P. spectrometer L = with R^ -0. = 2IT
and 0.6Rp = R . ^  = ?Ta T p  ^  0.8 for f = a and
= 0.75 for d = a. An average value for is 0.6,
giving L = 1.3 S/R i.e. LR = 1.3^, again in agreement with
the general rule of constancy of the product LR. Using 
the grating formula L = 2KT A^ Sin())^  R, and putting 2T = 0.4,
= 0,02, K = 1, gives Lff /L grating = 1 6 0  S/A for the same
value of R. The same luminosity is obtained with a F.P.
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160 times smaller in area than a grating.
This superiority of the F.P. spectrometer over 
prism and grating spectrometers is due to the fact that the 
rotational symmetry of the F.P. enables it to make use of 
the whole of a fringe, that is the maximum space where the 
phase difference has a given value; an advantage also of 
the Fourier transform and amplitude modulation methods of 
using a Michelson irterferometer (Gebbie 1959, Connes 1959). 
Another factor common with these techniques is the employ­
ment of division of amplitude interference. Jacquinot 
(1958) has shown that both these conditions of rotational 
symmetry and division of amplitude are necessary if a 
spectrometer is to make use of the solid angle ^  = 2ÏÏ/R.
A circular grating would satisfy the first condition but 
not the second.
3 .6.2. Grating and F.P. Spectrographs.
The optimum condition for maximum resolibion with 
a F.P. spectrograph is that the fringe width be equal to 
the resolving limit of the photographic plate. The angular 
radius, Ô , of the p th ring from the centre is Q = \/2p/mQ; 
the focal length of the collecting lens is then f = g.j2pRN; 
mo is the order at the centre and g is the resolution limit 
of the photographic plate. Taking p = 2, N = 25, g = 25yU 
gives f = 2.5 cm for R = 10 and f = 25 cm for R = 10. The
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illumination of the photographic plate is then E = 'ZTss/f^
= BS/2g2pRN.
The corresponding formulae for a grating of hlaze 
angle (j) in a Littrow mounting, are f = Rg/2 tan^ and
E = BA /R^ g^  f with focal lengths of 12.5 cm for
R = 10^ and 1250 cm for R = 10^. Thus the gain of the 
E.P. spectrograph over a grating spectrograph is 
G = (s/a) . (ÎT/c^ ) R/8pN tan^(j? . N = 25, tan^(|> = 1, S/A =
0.1,% = %  , and p = 2 give G = R/4000, which increases 
with R and is greater than unity even at fairly low 
resolutions.
This gain in illumination is entirely due to the 
reduction of the collecting lens focal length made possible 
by the greater dispersion of the interferometer. The dis­
persion, and hence the gain over the grating, increases 
With R and decreases with the rank, p, of the fringe used. 
Only at low resolutions, where the angular diameters of 
the rings are large, does the interferom.eter dispersion 
fall below that of the grating. In the limit of p = 0 the 
dispersion of the P.P. is infinite and the cross-section of 
the emergent beam is a maximum. This is to be contrasted 
with the case of the grating where the dispersion tends to 
infinity at grazing incidence when the cross-section of the 
emergent beam is zero.
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Chapter 4. Mechanical design and construction of an 
oscillating P.P. spectrometero
As discussed in Chapter 2, a mechanically scanned 
P.P. spectrometer requires the movement of one of the 
interferometer plates parallel to itself. In addition, 
the stationary plate must he rigidly mounted in such a 
manner as to permit quick and easy adjustment to correct 
for small departures from parallelism with the moving 
plate, as well as permitting variation of the interferometer 
spacing. The spectrometer has also to he isolated from 
any stray disturbances which could lead to displacements of 
the scanning plate other than those intended. Finally, 
associated optical components such as lenses and mirrors 
require rigidity and ease of adjustment in their mounting.
4.1. The parallel movement.
Plexibility in both the magnitude and speed of 
scan, stability and reproducibility, i.e. no hysteresis or 
backlash effects, are qualities desirable in a parallel 
movement for a mechanically scanned P.P. spectrometer. 
Further the scanning movement should be easily obtained and, 
equally easily, exactly followed. This indicates a linear 
relation between the driving force and the displacement.
All these criteria are satisfied by a parallel spring 
movement employing a moving coil drive.
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4.1.1. Parallel spring systems.
Jones (l95l) and Jones and Young (1956) have 
analysed and studied experimentally the parasitic depar­
tures from parallel and rectilinear displacement in simple 
parallel spring movements. For a simple movement, figure 
5(a), where the moving platform is assumed weightless and 
the two springs identical, the platform, position can he 
approximately described by the superposition of two def­
lections, the intended one, figure 5(b), and a cantilever 
bending deflection, figure 5(c). For small displacements 
the bending deviation from parallelism is 
Ô = (2(1 - 2a)t^/b^l^).X where 1 = the free length of 
the springs, t = thickness of the springs, b = length of 
platform between the springs and a = height of line of 
action of force F above the bottom platform. This formula 
shows the inherent deviation from parallel movement in 
terms of the geometry of the system. Usually it is con­
venient to apply the driving force to the upper platform
i.e. make a = %, and then Ô = 2t^x/b^l.
In an actual spring system the platform lengths 
or the spring lengths may be unequal and the springs may 
vary in thickness. If the platforms are of equal length b, 
while one spring is of length 1 and the other of length 
(1-^6), the deviation from parallelism frr a small dis­
placement, X, is approximately 0^ = x2/21^b. If the
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springs are of equal length 1, and the platforms unequal 
hy an amount ér the corresponding expression is 0  = <^  x/lb. 
Since x < C 1, inequalities in spring lengths are much less 
important than inequalities in platform lengths.
Variation in spring thickness is found to have a 
small effect and provided reasonable care is taken, such 
as cutting the springs from the same sheet of material, 
the effect can be neglected. Resistance to transverse 
tilt is increased by splitting each spring and separating 
the resulting halves by several times their v/idths. This 
also leads to a more convenient symmetrical four spring 
movement.
4.1.2. Design and construction of the movement.
A scan of greater than 100 orders would rarely be 
needed and for the study of hyperfine structures two 
orders is normally sufficient. P.P. plates are rarely 
flat to better than A/80, the departure from flatness 
of the plates used in the present work being /\ /60 over 
the central 2 cm, mainly due to spherical curvature. The 
limiting definition is then Nj) = 30 and the surface 
defects function^^ (x) is a rectangular function of half­
width y\/60. Since "pitching" in the direction of motion 
is the only inherent deviation in a parallel spring movement 
it is only necessary to consider the effect of this type of
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departure from parallelism. As shown above (3.1.1.2) the 
corresponding surface defects function is practically a 
rectangular function of halfwidth (i^ îy2) times the maximum 
departure from parallelism. The effect of non-parallelism 
of the movement and initial non-parallelism of the inter­
ferometer plates is considered in 6.2 below. Both of these 
types of departure from parallelism have the same effect on 
the form of the étalon function and hence on the form of 
the recorded spectral profile.
The dimensions of the movement were to a large 
extent determined by the size of the interferometer plates 
and considerations of rigidity. The plates are 7.5 cm in 
diameter and weigh 110 gm each. The necessary rigidity 
can only be achieved at some expense in weight and volume.
The finite weight of the moving platform causes a deviation 
from parallelism because the proportion of the weight carried 
by the springs varies as they are deflected. The platform 
material obviously must have the highest possible ratio of 
Young's modulus to density. Steel and Duralumin satisfy 
this condition equally well. Duralumin was chosen because 
it is easier to machine.
The relation & = 2t^x/b^l gives some guidance on 
proportions. The dependence of ^  on t^ indicates the use 
of as thin springs as possible consistent with the load
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to be carried and stability of the interferometer. Thinness 
can, of course, be partly compensated for by widening the 
springs but spring strength is proportional to the cube 
of the thickness and increases only linearly with the 
width. Further the use of wider springs makes greater 
demands on the flatness and uniformity of the spring 
material. Similarly making b as large as possible is also 
indicated but this leads to long platforms with a consequent 
increase in weight and decrease in rigidity, both undesirable. 
The value of x is determined by the number of orders scanned, 
being )\ /2 per order.
For oscillatory scanning the natural frequency of 
the movement must be taken into account. It is more con­
venient to oscillate at the natural frequency or below.
Then the phase angle between the driving force and the dis­
placement is zero, neglecting the slight effect of air 
damping. If viscous damping is introduced, to eliminate 
air borne free vibrations for example, the phase difference 
is smaller the lower the frequency of oscillation is below 
the natural frequency.
To test the parallel spring system a prototype 
movement was constructed (plate 3). The moving interfer­
ometer plate was mounted in a brass cylinder, C-j , supported 
by 4 stiff phosphor bronze strip springs, S. The stationary 
plate was mounted at the end of another brass cylinder, C2 ,
- 6 ^  -
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supported by a Duralumin bracket. Cg was inserted in the 
moving cylinder, the separation of the interferometer plates 
depending on the depth of insertion. Both parts of the 
interferometer were attached firmly to an angle iron with 
i in. bolts and the adjustment for parallelism was obtained 
by varying the pressure on paper washers between the inter­
ferometer mount and the angle iron surface. This was a 
rather tedious process which, while it worked surprisingly 
well, fortunately had not to be undertaken too frequently. 
Pinal adjustment was obtained by varying the pressure 
exerted on the fixed plate by three spring loaded rods, R.
The dimensions of the prototype movement were 
t = 0.12 cm, b = 10 cm, 1 = 4 cm. Putting x = /\ = 5 x 10*“5cm 
In Q = 2t^x/b^l gives ^  = 3.6 x 10*^ 9^  The maximum
departure from parallelism for a 7.5 cm interferometer 
plate is then 2.7 x 10*^ ® cm = A/2 x 10"“^ . Even for a
scan of 100 orders the maximum inherent departure is /\ /400 
which can be neglected for plates flat to /60.
The moving cylinder was oscillated at frequencies 
in the range 100 c/s to 1000 c/s. Plate 4 shows a spectral 
profile obtained with the prototype instrument.
The prototype having worked so successfully, it 
was decided to design and construct a P.P. spectrometer 
forlyperfine structure and isotope shift studies, in part­
icular for the accurate measurement of spectral intensity « 
Such a spectrometer could also be used at much lower
-  6 7  -
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resolution. Fairly weak light sources would he used so a 
slow scanning speed would he sufficient. A natural 
frequency of 30 c/s was decided upon, leading to the 
following dimensions for the movement (natural frequency 
= J W J E = Young ^ s Modulus of spring material);
spring thickness t = 0.125 in., platform length h = 5 in., 
free spring length 1 = 5  in., spring width w = 2 in., mass 
of moving platform M = 5 Ihs. Substituting these values 
in 0  = 2t^x/b^l for x = 5 x 10""5 cm gives 0  ^  5 x 10*^ 9^
The accuracy required in the platform lengths 
should be such as will make the deviation from parallelism 
due to difference in length of the same order as the inherent 
deviation of the system, i.e. require that 2t^x/b^l = ^  x/lb 
or ^  = 2t^/b. Taking as a lower limit t = 0.048 in.
gives €r = 0.001 in. This means that the platforms should 
be worked to an accuracy of better than 0.00025 in.
Figure 6 and plates 5 and 6 show the oscillating 
mount. A 1 in. thick Duralumin platform is supported 
by four phosphor bronze strip springs, S, rigidly clamped 
to P-j and a basal Duralumin platform P2. The platform 
lengths are equal to 0.0001 in. Otherwise the basic 
tolerances are those which generally apply in any precision 
instrument, i.e. i 0.001 in. Particular care was taken 
with the phosphor bronze springs. All four were cut from 
the same sheet with the "grain" running in the same direction.
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A jig was made to drill the holes in the platforms and in 
the plates and care in this operation made certain that 
the moving platform and hase were parallel to within 0.0001 in. 
Both platform and hase were dowelled and machined together 
thus ensuring, with the jig drilling, a high degree of 
parallelism, the hasal and platform surfaces being parallel 
to 0.0002 in. over their total area, as measured by a scale 
gauge.
The moving interferometer plate E-j , is in a mount 
rigidly attached perpendicularly to and below P-j so as to 
retain the high degree of symmetry resulting from the above 
choice of dimensions. The plate is pressed against three 
symmetrically placed pips in a thin ( 18 S.W.G-.) steel 
annular retaining plate and is kept in position by a screwed 
down back plate, with three hard rubber studs in line with 
the pips in the steel plate and pressing against the inter­
ferometer plate.
A moving coil vibrator is in contact with P^ at A 
and causes E-j to move parallel to itself. The driving pin 
of the vibrator terminates in a flat circular disk of about 
1 cm diameter so good contact is made with the moving plat­
form. Connection with the moving coil is through a ball 
and socket swivel joint and this ensures that the area of 
contact between driving pin and platform remains constant.
The vibrator is held in a circular collar and is mounted
71 ~
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so that the driving force is applied normally to the 
platform end and along its central axis.
4.2. Mounting of the fixed interferometer plate; adjustment 
for parallelism.
It is necessary to he able to vary the separation 
of the interferometer and to adjust for parallelism easily 
and quickly. This could be achieved by mounting the fixed 
interferometer plate on a kinematic slide, final adjustment 
forparallelism being obtained by binding screws as in the 
classical étalon form (plate 2). Such a kinematic slide 
would entail much accurate mechanical work. Facilities 
for such work not being available^ a simpler solution was 
employed. The fixed plate is mounted inside a cylinder and 
its separation from the moving plate is controlled by the 
thickness of an invar spacer between it and a thin annular 
retaining plate at the end of the cylinder.
C (Figure 6) is a Duralumin cylinder of 4i in. O.D. 
The fixed interferometer plate is a good sliding fit inside 
the cylinder and can be easily pressed against three sym­
metrically placed pips in a 18 S.W.G. stainless steel stop 
plate. The interferometer was initially adjusted for 
parallelism by thin paper wedges between the stop plate and 
the cylinder end, a fine adjustment being obtained by gently 
rubbing down the pips with a carborundum stick. Care was 
taken to remove any grit or grease by cleaning with ether
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afterwards.
The spacers consist of three equal lengths of 
invar rod mounted in an annular brass ring. The invar rod 
is made 0.8 cm diameter on one side of the spacer ring and 
0.3 cm diameter on the other side. The spacer, worked 
nearly parallel by rubbing dov/n on emery paper of increasing 
fineness, is degreased with ether and placed with the wider 
ends of the invar rods pressing against the steel pips.
The interferometer plate is pressed against the spacer by 
three spring loaded rods, R, with the spacer and rod contacts 
in line with the pips to prevent bowing of the plate. The 
invar rod lengths are sufficiently equal to produce P.P. 
rings and final adjustment for parallelism is obtained by 
the adjustment screws,S, which control the pressure exerted 
by the rods. Details of the parallel adjustment and the 
spacers are shown in plate 6.
The end plate, P, can be moved up and down on the 
central threaded cylinder to allow different sized spacers 
to be used. It is retained in position with a locking 
screw and a collar. Y/ith the set of helical springs shown 
separations of up to 2 cm can be accomodated. Por separ­
ations greater than this, a shorter set of springs is used.
4.3. Elimination of stray vibration.
A displacement of 2.5 x 10""^  cm (at 5000) 
being sufficient to scan a whole order, the magnitude
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of stray vibratory movement which can be tolerated is very 
small indeed. The displacement of the platform being prop­
ortional to the spring strength the effect of stray vib­
rations is reduced by using thicker springs. However, 
besides increasing rapidly the inherent deviation from 
parallelism, increased spring thickness requires a greater 
driving force. A better solution is to isolate the P.P. 
spectrometer with a suitable antivibration mounting.
4 .3.1. Antivibration systems.
The usual method of reducing the amplitudes of 
the forced vibrations of sensitive instruments, such as 
balances and galvanometers, due to vibrations of the 
surroundings is to place the instrument on sufficiently 
weak springs. Then, hov;ever, damping must be introduced 
to ensure the decay of the free vibrations of the system 
after a slight impulse or an initial displacement. The 
best method of introducing this damping has been investigated 
by Haringx (1947) both for one-dimensional and multi­
dimensional vibrations. The problem will now be briefly 
discussed before describing the design and construction 
of an antivibration table.
Consider the simple one-dimensional system shown 
diagrammatically in figure 7.1(a). A mass m is joined by 
a spring of rigidity, c, to a foundation which vibrates
—  7 6  —
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in a vertical direction with angular frequency (jlT and
amplitude Uq. The solution of the differential equation of 
• •
motion, mx‘ + cx = a^c Sinurt, is x = a Sin urt where
a/aQ = [0/(0 m^)| . The frequency characteristic,
figure 7 .1(h), shows that for values of near the
resonant frequency ^ 0  = J c/m] the mass vibrates with
amplitudes very much greater than a^. For large values
\ ^
of (a/ag ) ^  c/muf^ = , so that the amplitude
of vibration rapidly decreases to zero. If the system is 
arranged to have a resonant frequency W g  about 5 times 
smaller than that of the lowest frequency of the foundation 
vibrations, then the amplitude of the forced vibrations 
will be negligibly small.
Reduction of the amplitude of the free vibrations 
of the system can be obtained by introducing viscous damping 
as in figure 7.2(a). If the damping factor is k (damping 
force/relative velocity) the free vibrations decay expon­
entially with time, the amplitude being proportional to 
exp(-kt/2m). This decay is obtained, however, at the 
cost of a more gradual decrease of the forced vibrations 
with frequency. Figure 7.2(b) shows the corresponding 
frequency characteristics for different values of the 
damping, k. At high frequencies (a/ag) = k/muTl An 
ideal solution would be to have the damping between the 
mass and a fixed point in space, i.e. absolute damping as
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illustrated in figure 7.3. In this case k = (XZ) means 
that m is rigidly hound to a stationary point and thus 
remains completely at rest. If.such a fixed point were 
available it would be simpler, of course, to attach the 
instrument rigidly to the point and do away with the springs 
altogether.
A practical approximation to absolute damping is 
shown in figure 7.4. The damping is now introduced between 
the main mass m and an auxiliary mass M attached to m by 
a spring of rigidity C. At high frequencies inertia’will 
tend to keep the auxiliary mass at rest so as to provide 
an almost fixed point in space. If k = oO the system 
behaves as a mass (M + m) mounted on a spring of rigidity 
c having a resonance frequency uJ“q = vJc/(M + m)l 
Introducing the dimensionless quantities W  = =
urJ”(M + m)/C '
q = k/uj (m + M)/C , the damping parameter, 
p = (C/c).(m + M)/M, the rigidity parameter,
^  = m/(m + M), the mass parameter, 
and plotting a/ag against uT ^ then resonance can be seen 
to occur at W  = 1 for q = X) (i.e. k = «O )• For zero 
damping (q = O) the usual frequency characteristic of two 
coupled undamped oscillators is obtained. At sufficiently 
high frequencies (a/ag) "= l / ^ u r  = c / m i . e .  the same 
.behaviour as for the simple case without any damping at all»
- 79 -
This indicates that the resonant frequency of the system 
should be as low as possible.
IVhile the values of C, M and k will not affect 
the amplitudes of forced vibrations at high frequencies, 
they will be of importance at lower frequencies. According 
to Haringx, optimum performance is obtained for p = and 
q = v 4y\A/( 1 - yU ). Also M should be as large as possible 
compared with m, i.e. yU as small as possible. In practice, 
it is not convenient to have M larger than m, soy^ =0.5, 
and then q = 4*^  ( 1 ^ — 1, 40 = c (p = 0,5).
Normally foundations vibrate in more than one direction and 
a rigid body supported by a set of springs possesses six 
degrees of freedom. These degrees of freedom are, in 
general, coupled. If however the system possesses a 
"centre of elasticity" (which automatically is coincident 
with the centre of gravity) this coupling disappears and 
the vibration of the system can be treated as six indep­
endent one-dimensional vibrations. The above results can 
then be applied to each degree of freedom separately. An 
example of such a system is a spring mounting which is 
symmetrical with respect to two mutually perpendicular 
planes.
— 80 —
4.3 .2 . The antivibration table.
The lowest frequencies of disturbances transmitted 
by a building are usually in the range 15 - 20 c/s. If the
amplitudes of vibration of the instrument are to be reduced
to a few per cent of those of the foundation, i.e. (a/ag) = 
0.04 (say), then (a/ag) = l / y U ^ ^  gives UX = 7 1 so a
resonant 'frequency of 2 - 3 c/s is required.
Figure 8 is a working drav/ing of the antivibration 
table and plate 7 shows the table with the interferometer 
mounted on it. The instrument plus plates and P^ 
constitute the main mass. P^ and P^ are connected with 
8 rods . Plates P^ and P^, connected by 4 rods R^, 
together form the auxiliary mass. P^ is -g- in. Duralumin 
and P^; P^, P^ are 1 in. steel plate. The whole mass 
is supported by 4 helical steel springs, .
The resonant frequency of such a vibrating system 
is = \Jg/^  where f is the compression of the springs.
If = 6Tc/s, f = 1.07 in. For a total mass of 250 lbs/
this requires a ngidity of 50 lbs/inch for each of the 
main springs. Helical springs have lateral rigidity in 
addition to their axial rigidity and in the design of the 
table advantage was taken of this. A relation betv/een the 
relative compression § = f/lg (ig = unloaded spring
length) and the ratio of slenderness Ig/D (D = spring 
diameter) can be derived for the condition that the springs
-  81
m m
■H
Figure 8
— 82
P l a t e  7
-  83
have the same axial and lateral rigidity (Haringx 1947).
The relation is illustrated in 9(a).
The springs S>| have Ig = 3 in. and ^  = 0«42,
giving from the graph the value D = 1.9 in. The height
h of the elastic centre, above the bottom of the springs
is given by h = l( 1 - i-^ z) > 1 is the compressed spring
length and is a parameter depending on $ and the
ratio Ig/D. The value of €.<2. has been calculated (Haringx)
as a function of I g/ D  for different values of §  . (figure
9(b)). Ig/D = 1.6 and $ = 0.42 give 1.5 from the
graph making h = 0.44 in. for 1 = 1.75 in. This locates
the position of the centre of gravity of the table and 
♦
also the elastic centre of the eight springs, Sg, supporting 
the auxiliary mass. The total rigidity of these auxiliary 
springs should be, as above, equal to one fourth of the 
total rigidity of the main springs, leading to a rigidity 
of 7.5 lbs/in. for each spring. The length, diameter 
and elastic centre of the auxiliary springs is calculated 
as for the main springs, leading to the values f = 2.5 in., 
Ig = 5 in., ^ = 0.5, D = 3 in., and h = 0 in.
If the damping coefficient, k, is to be the same 
in the horizontal and vertical directions the damping 
cups, D, must be square in cross section and be filled to 
a height H = 1.45B; B is the side of the inner cup. The 
value of k is then given by k ^  l8lf^  B"^/d3(i + 2.5d/B) ;
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d = the distance between the walls of the. two cups and 
y = the viscosity of the liquid. From above, 
q = (k/M)J (m + M)/c ' = v/ - jÛ)^ yW = -^ so k = me/2^
leading to k = 2200 lbs/sec for m = 125 lbs. Gastrol TQ
oil was used as the damping liquid, having a low temperature
coefficient, with = 5 x 10*“  ^lbs/ft.sec. From this
data the value E/d = 12 can be calculated. B = 3 in. is
a convenient value giving d = 0,25 in.
Figure 10 is a portion of a spectral trace of 
/À5461 of Hgl without using the antivibration table. By 
comparing this trace with that of (say) figure 27, it can 
be seen that the table has proved to be very effective in 
eliminating stray vibrations. In plate 7 a damper can be 
seen fixed between the moving platform of the interferometer 
and the Duralumin cylinder. This was an early attempt to 
reduce vibrational disturbances and has been retained as 
it was found to be effective in eliminating the effect 
of any airborne disturbance (e .g. jet planes from London 
Airport).
4.4. The optical arrangement.
The light source S, (figure 11) is imaged by the 
lens L>| on the point aperture placed at the focus of Lg. 
Parallel light falls normally on the interferometer and 
after passing through is deflected through 90^ by a front
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silvered mirror , collected by and focused on the 
entrance aperture of the Littrow prism spectrograph 
(Hilger E 478) which acts as a monochromator. The spectro­
graph plate holder is adapted for photoelectric recording.
A brass plate replaces the photographic plate. A centrally 
placed exit aperture, A^, in_the brass plate is variable 
in diameter so as to permit variation of the width of the 
monochromatorpass-band. Variation of the position of 
the pass-band in the spectrum is obtained by rotation of 
the prism in the usual manner.
Behind A^ is mounted another front silvered 
mirror Mg, which reflects the light on to the photo­
multiplier P. P is supported inside a lightproof brass 
cylinder rigidly attached to the plate holder and projecting 
from behind it (plate 8). This cylinder has an inner mu 
metal screen to protect the photomultiplier from magnetic 
fields and also contains a cathode follower amplifier.
Mirror M^ is removed when the interferometer is 
being adjusted for parallelism. The advantage of placing 
the prism monochromator after the interferometer is that 
a decrease in the light collecting solid angle is easily 
associated with a decrease in the effective area of the 
interferometer plates and thus with a decrease in instru­
mental broadening due to nonparallelism or departure from 
flatness of the plates.
89 -
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All optical components are firmly mounted on 
rigid optical benches which in turn are supported on solid 
concrete pillars. The spectrograph is mounted in the same 
manner. Mirror M^  has three degrees of freedom (two 
rotational) and mirror M^ is hinge-mounted on a vertical 
axis so that the most sensitive region of a photomultiplier 
cathode can be used, Plate 9 shows the general optical 
arrangement.
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Chapter 5. Recording the Spectral Profile,
The spectral profile is a curve whose ordinates 
are spectral intensities, as measured by a photomultiplier, 
and whose abscissae are wavenumbers. Variation of the 
interferometer separation results in a variation of the 
light intensity received by the photomultiplier and the 
consequential changes in output signal are recorded either 
on an oscilloscope or a pen-recorded function plotter 
(figure 12). If. the moving plate displacement varied 
linearly with time then a plot of the photomultiplier 
signal as a function of time would be the spectral profile. 
This however requires that the displacement should be 
proportional to time to a very high degree of accuracy,
A simpler solution is to measure the actual 
displacement or some quantity which is strictly proportional 
to it, and then the rate of scan need not be linear in 
time, in fact if can vary in any manner at will. If the 
driving force for the parallel movement is provided by 
a moving coil vibrator, the value of the current through 
the coil is the required parameter.
In the design of the associated electronic circuits 
account had to be taken of phase changes, both electrical 
and mechanical, signal-to-noise ratio (i.e. bandwidth) 
and possible electrical distortion if the final recorded
-  93 "
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profile is not to be further distorted. These circuits 
together with methods of measuring spectral intensities and 
wavenumber differences will now be considered, beginning 
with the wavenumber scale circuits.
5.1. The wavenumber scale.
The interferometer separation, t, is varied from 
t to t i nA/2. N usually lies between 0.5 and 2, its 
actual value is not important. For one wavelength, A  , 
the intensity variation transmitted as t changes to t +/\/2, 
goes precisely through the spectral profile. Two wave­
lengths A and A + dA lead to a corresponding displace­
ment in the recorded pattern and the structure is revealed.
2 nt = m gives dÿ = ^dt/t. Also 2nVdt = dm (for one 
wavenumber ^ ) giving d)) = dm/2nt. Since -^t = A))
(the free spectral range), dV = dm.AV* dm is the fraction 
of an order which two wavenumbers V and 1) + cj)) are apart.
Wavenumber differences are thus easily determined 
from the interferometer separation and the order fraction, 
measured directly from the spectral trace. This requires, 
of course, that the separation t is exactly followed and 
accurately recorded simultaneously with the corresponding 
photomultiplier signal.
The force exerted by a moving coil of N turns in 
a radial magnetic field H is 2TT iNH; i is the coil current. 
The displacement of the moving platform is then proport-
-  9 5  -
ional to the current, the displacement of a strip spring 
being proportional to the displacing force. Thus the 
wavenumber scale is easily obtained, being proportional 
to the driving current through the vibrator. Before 
describing the generation of the driving current the 
dynamics of the parallel movement will be first discussed.
5.1.1. Dynamics of the parallel movement.
Figure 13(a) is a force diagram of the system. 
Initially the driving pin of the vibrator is pressed 
against the moving platform and the spring forces of the 
movement are balanced by the restoring spring force of 
the vibrator. If the spring constants are c^  and cg 
respectively then for initial equilibrium Cga2 = c^  a^, 
a>| and ag being the respective distances of the platform 
and the moving coil from their zero positions. For sim­
ultaneous alternating and steady currents through the 
moving coil the equation of motion of the system is 
mx + kx + c-jCx + a-j ) + C2(x - ag) = F q Sinw t + .
P^ is the force due to the steady current, Pq SinUTt is
the alternating force, and k is the viscous damping co­
efficient. Using C2&2 ~ a^  and writing c = (c^ + c^),
»• *
the equation of motion becomes mx + kx + cx = P^ Sinurt + P-j
The solution is x = XQSin(wt - (j)) + Pj/C where
x q  =  F i / c  J C  • +  3L |%k/kc) .
nî
c
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U/n = the natural frequency = \Jc/m
kc = the "critical damping" = 2nHc{J, and
tan <|> = kur /(c - %= ft I “  •
If damping is small so that k ^ 0 ,  then tan <j> = 0, (j^ =
for Ur<uj,^ and = 7T for Urj> UT^ i . The phase change 
frequency characteristics for non-zero values of k are 
plotted in figure 13(h).
If P-j is slowly varied by varying the steady bias 
current through the driving coil, only the zero position
of oscillation changes. The amplitude, frequency and phase
characteristics of the oscillatory movement remain 
unchanged. Thus the spectral region^within the passband 
of the monochromator, scanned by the spectrometer can be 
easily varied, the wavenumber corresponding to a rest 
position separation, t, being given by 2nVt = m. A method 
of measurement of wavelength differences directly on the 
oscilloscope is then available, as will be discussed below. 
Similarly any particular spectral line can be centred on 
the oscilloscope trace. Por function plotter recording 
only a direct current drive is required.
5.1.2. Generation of the scanning currents.
The method of generating the scanning currents 
underwent development parallel with the development, in
- 98 -
versatility and accuracy, of the spectrometer. Initially, 
with the prototype instrument, a Goodman V 47 vibrator was 
used and this was driven by a Jackson audio-frequency 
oscillator and a Leak power amplifier. The vibrator was 
in series with a variable resistance, the voltage across 
this resistance providing the wavenumber scale for oscil­
loscope recording. Later the V 47 vibrator was replaced 
by a Philips PR 9271 vibration exciter. The PR 9271 has 
the moving coil suspended between unidirectional spring 
constraints and it is connected to the driving pin through 
a ball and socket swivel joint. The spring force is 
650 gm wt and the electrical impedance is 240 - 440 ^ i n  
the frequency range 0 - 15000 c/s.
Applying a sinusoidal voltage to the vibrator 
results in a sinusoidal movement of the interferometer 
plate. A displacement of amplitude X/^ scans a spectral 
order every half-cycle. If the forward and return oscil­
loscope traces are to coincide exactly a pure sinusoidal 
driving voltage is required. At frequencies 20 c/s,
the Jackson oscillator did not produce a sufficiently 
pure waveform and further distortion was produced by the 
power amplifier. 'A Purzehill (G 425) low frequency 
oscillator was available and this gives a very good wave­
form at these low frequencies (harmonic distortion ^  2^)
- 99 -
However, the output voltage is only 1 volt into 600 
or 10 volts r.m.s, into a high impedance. The low imped­
ance output would not directly supply sufficient current 
for the vibrator, 12 mA per order being required, so a 
cathode follower amplifier is necessary to match the 
vibrator and the high impedance output of the oscillator.
For function plotter recording a slowly varying 
direct current is needed. As will be described below, 
measurement of wavenumber differences directly on the 
oscilloscope requires a very stable l.C. source. At 
discharge currents of ^  10 mA dry cells do not give any 
period of steady voltage so lead acid accumulators are 
used. For discharge currents of 200 mA lead acid 
cell voltages are stable to 0.80 mV/hour after four 
hours from being discharged. This corresponds to a per­
centage voltage change per hour of 0.049^. If 5 minutes 
are required for a measurement then the voltage variation 
is 0.004^ which is more than adequate.
For simultaneous A.C. and l.C. scanning it is 
necessary that there should be no interference between 
the two sources of supply. This is achieved by using an 
Anderson bridge circuit as the cathode load of the cathode 
follower valve. The balance conditions for the bridge 
(figure 14) are PR = QS and 1 = Cs [q + r(l + Q/R)]
P consists of the ohmic resistance of the vibrator coil,
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plus a 20Jl. potentiometer. Accumulators A (20 volts) 
supply the steady current, the value of which is varied 
by variation of , Rox 1 0 0 0 ^  and 20 .fl helical wire 
potentiometers in series. The current is monitored by 
measuring the voltage across the 20S)l potentiometer with 
a Tinsley potentiometer. When the bridge is balanced 
switching in the accumulators does not affect the valve 
bias voltage. Similarly no A.C. voltage appears across A 
or R-^ and the A.C. and D.C. voltages can be varied 
independently.
The scanning current for function plotter recording 
is obtained either from the accumulators or by variation 
of the valve anode current. Figure 15 gives the dynamic 
characteristic of a KT 56 cathode follower amplifier as 
calculated from the valve characteristics and the load 
line VgL = Eg, - Ri^ for the values = 200 volts, R = 350j% 
A variatinn of input voltage between -30 and +10 volts 
varies the valve current from 0 to 60 mA (60 mA is the 
maximum vibrator current). 40 mA is a more than sufficient 
driving current so the input voltage need only be varied 
between earth and -30 volts. This grid voltage is derived 
from a motor driven toroidal wound precision 15 Efl pot­
entiometer (S.E.I. type SM2/MT): Rg along which there is 
a voltage drop of 30 volts derived from dry cells B.
Rg has an electrical angle of 340^ - 2^ and a resolving
- 102 -
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limit of 0,055^. The wiper and slpring assembly are 
designed to nullify the effects of vibration and reduce 
starting torque.
5.2. The photoelectric detector.
Grood signal-to-noise ratio and exact linearity 
of response, the very desirable qualities associated with 
photoelectric detectors, in general, and the photomuliplier 
in particular, depend upon the conditions under which a 
detector is used. Care must be taken, for example, to 
select the most efficient photocathode for the spectral 
region under examination. Likewise the collector current 
must not be so large as to cause nonlinearity by space 
charge effects or electrode fatigue. Again the voltage 
supply must be sufficiently stable. These and other 
matters will now be considered.
5.2.1. Signal-to-noise ratio of photocells and photo- 
multipliers.
A detector having an electrical output signal has 
three main types o f ‘hoise”.
Johnson noise is the voltage appearing across a resistor 
because of the statistical thermal motion of the electrons 
within the resistor. This is white noise. By Nyquist's 
formula the r.m.s. Johnson noise voltage within a frequency
- 104
band A  f is Vr.m.s, = 2 J k T R A p  = 1.29 x 10"''°J R Af 
volts at room temperature.
Shot noise. An electrical current is not continuous but 
is made up of individual electrons and statistical fluctu­
ations in the electron flow lead to shot noise, also white. 
The current fluctuation i r.m.s. = \f2eiAf (Schottky's 
theorem), i = average value of the current, e is the electron 
charge. Across a resistor R, the corresponding shot noise 
voltage is then V r.m.s. = i r.m.s.R = \( 2ei A f ' .R.
Resistance Noise. This is in addition to the Johnson thermal 
noise and depends entirely on the material of the resistor, 
being very small for a high quality wire-wound resistor 
and comparable in magnitude to Johnson noise for a carbon 
resistor. This noise has its origin in local variations 
in temperature or erratically changing polarized domains 
within the resistor. Although random, resistor noise is 
not white, the r.m.s. noise falling off inversely with the 
frequency when this is sufficiently high.
In a photomultiplier of multiplication factor M, 
each electron that leaves the cathodes gives, on the average, 
an output pulse M times the charge on a single electron.
Since the primary electrons are randomly emitted, the pulses 
are also randomly spaced in timed. Assuming that M is the 
same for all pulses and neglecting the fact that secondary 
cathodes may independently emit electrons, the mean square
—  105
shot noise voltage becomes, from Nyquist’s formula and 
Schottky's theorem, rcOO o l l v j  U O U 11 C  L/ J. Vf ill  ^ L/vx
-k 1 ^ 4 1
%
:^ie M"-[r r2kJlen^ R}
Z = the anode load impedance, G- = the gain function of
a following amplifier, i is the mean photo cathode current.
2 *—
The M term results from substituting Me for e and Mi for
i in Schottky's theorem. The corresponding expression for 
a photocell is _ ^  , -u , n
V/= 2&IZ +xkT/ek){^  [ï€i\
From these expressions it can be seen that the
relative contributions of shot noise and thermal noise
are unaltered by subsequent amplification. The condition
that the magnitude of thermal agitation noise should be
equal to or less than that of shot noise is 2 kT/eM R i
for the photomultiplier and 2kT/eR ^ 4 i for the photocell.
Taking M = 10® and R = 10® as typical values for a photO'
— —9 A
multiplier, the condition becomes i ^  5 x 10 A compared 
with i ^  5 X 10""®A for the photocell (2kT/e = l/20 volt 
at room temperature). Thus in the case of the photo­
multiplier, even for small values of R, the thermal 
component of noise is insignificant e.g. for R = lOg^. » 
i = 10’”^^A, M = 10® the thermal noise contributes only
—  106 —
0.05^ of the total noise. For the photocell the reverse 
is true and the thermal noise constitutes 99.98^ of the 
total noise even for a value of R as large as 10^9^2. .
Such a large load resistance gives, of course, a high 
value for the time constant RC of the circuit and con­
sequently a very slow response to a change in photocell 
current. Thus for a photomultiplier the relative effect 
of thermal agitation voltages is practically eliminated,
1.e. the dominant source of noise in photocell circuits 
is eliminated. Only the inhrrent shot noise then need 
he considered.
Two types of shot noise can he distinguished, 
that of the photo cathode dark current ic( , mainly due 
to thermionic emission, and that of the signal photocathode 
current ig. The mean square shot noise- current in a band­
width B c/s is i^  = 2eM^(i^ + ig)B and the anode output 
signal current is Mi^. ^ The signal-to-noise ratio S is 
then given by = M^ig^/2eM^(i^ + i^)B 
i.e. i ^  = 2eS^B(i + i.). Solving for i^ gives
S S Q S
ig = es^B [l + \Jl + (2id/eS^B^. Neglecting i^, for a 
given signal-to-noise ratio (in future written as S/N) S,
i must be 2eS B e.g. S = 25, B = 1 c/s req-qires a
photo cathode current ig of at least 2 x 10""^ ® A.
If the dark current is ^  eS^B/2, then its
effect on the S/N ratio is, at most, a 10^ reduction.
- 107 T
The dark current need not be absolutely very small, only 
relative to the signal current and if this is large enough 
to permit the use of a fairly wide band amplifier there 
is no advantage in refrigeration. Background radiation, 
for example scattered light in a spectrometer or the 
presence of a continuum of radiation in a line spectrum, 
also leads to reduction of the S/N ratio as it contributes 
what is effectively a ’’dark current”.
The allowed bandwidth corresponding to a signal
current i^, for a prescribed S/N ratio S, is given by
2 2 '
2eS B = ig /(ig i^). For photocells at room temperature
the thermal resistor noise is still important and 
2eS^Bp = i^2/(ig + i^ + 1/2OR). Bp is the photocell band­
width. Thus B/Bp = (1 + ) where the "useful multi­
plication” = l/y20R(ig + i(3^). This means that for the 
same signal current the bandwidth can be far greater with 
photomultipliers than with photocells; this gain in band­
width is of great importance if rapid changes in illumin­
ation are to be followed.
Minor factors affecting noise in photomultiplies 
are additional thermionic emission from the secondary 
emitting surfaces and fluctuations due to variations in 
the secondary emission process.
5.2.2. Choice of Photomultiplier.
As shown above, for a required S/n ratio and a
-  1 0 8  -
bandwidth fixed by the stability of the light source, 
the signal photocathode current must attain a suitable 
value. If the cathode sensitivity is doubled the same 
s/n ratio is obtained with half the light flux. If the
r\
dark current i^ is small compared with eS B/2, it can be 
neglected in S/N considerations so that for tubes of the 
same type, the cathode sensitivity is the determining factor 
in obtaining the desired S/N ratio. A summary of the 
properties of practical photoemitters is given in table I 
(Sommer 1959) and the corresponding spectral response 
characteristics in figure 16.
Table I. Summary of properties of practical photoemitters.
Maximum
quantum
efficiency A D Thermionic
Cathode X peak
at
Apeak (1% of peak)
Maximum
AiA/L
emission 
amps/cm
Ag—0—Cs 8500 1^ 12,000 60 10"^ 2
Cs^Sb 4000 20^0 6200 90 10"''5
Bi-Ag-0--Os 4500 10^ 7500 90 10"''^
Na^KSb 3700 25/0 6500 60 <Lio“^^
(Cs)Na2KS'b 4000 35% 8500 230 10“''^
(at room 
temperature)
From table I can be derived the following general rules
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to determine the choice of photocathode.
(i) For wavelengths above A  8500, the Ag-O-Cs cathode is 
the only available photoemitter, but high thermionic 
emission debars its use at low light levels if infrared 
response is not essential.
(ii) For very low thermionic emission, i.e. with very 
low light levels, use NagKSb.
(iii) In general for all ^ plications at wavelengths 
below A  8000, the (Cs)Na2KSb cathode is superior to all 
other emitters, both in high quantum efficiency and 
(expect for the NagESb cathode) in low thermionic emission
Three photomultipliers have been used, a Mazda 
type 27 Ml nine-stage tube with the prototype spectrometer 
and E.M.I. types 6265 (l3-"Stage) and 9558 ( 1 l-stage) , 
both specially selected, with the present instrument. The 
6256 tube has a quartz window and a transparent Os-Sb 
cathode with a sensitivity of 41 yti A/L. The overall 
sensitivity is 2000 A/L at 1640 volts and the dark 
current at room temperature is ^ O o O O l ^ A  at the same 
voltage. The 9558 tube has a (Os)Na2%Sb cathode with a 
sensitivity of 116yU A/L, an overall sensitivity of 
200 A/L at 1700 volts and a corresponding dark current of 
<  0.001/XA.
For a bandwidth of 2000 c/s and a S/N ratio of 
100 the condition i^ ^  eS^B/2 becomes, for the 6256 tube,
— 111 ""
^  1.5 X 10"”^ ^ A. An anode dark current of 0.001 /U/A is
—  *-17
equivalent to i^ = 2 x 10 A so that the dark current
has a negligible effect on the S/N ratio. Even B = 1 c/s 
makes the desired i^= 8 x 10""^^ A for S = 10 and 
i^ = 8 X 10~^^ A for S = 100. Thus for S/N ratios of 
better than 10 there is no advantage at all in cooling 
the tube. A similar result holds for the 9558 tube.
5.2.3. The photomultiplier circuit.
The overall gain of a photomultiplier tube is 
proportional to for Cs^Sb dynodes, V = the operating
voltage and n = the number of stages. For a 13-stage
Q -1
tube the gain is proportional to V and proportional 
to for an 11-stage tube. For 0.1^ constancy of
overall gain the voltage supply must not vary by more 
than 0.011)^. An I.B.L. E.H.T. unit =(Type 532/A) was 
used. For a lOÿ^  mains fluctuation the output voltage 
regulation is better than 0.02^ and the peak-to-peak 
ripple voltage is 30 mV, i.e. 0.0025?^ at 1.2 kV output.
This amount of ripple voltage has a negligible effect 
and the stability which is of the same order as that of 
dry cells is adequate, giving a stability of 0.17^ in 
overall gain. The voltage can be varied continuously 
up to 3 kV. This continuous variation permits adjustment 
of the photomultiplier signal to give full scale deflection 
on the function plotter for maximum signal.
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In unfocussed types of photomultiplier, such as 
the E.M.I. tubes, each pair of dynodes is more or less 
independent of those on either side so that quite wide 
variations from a uniform potential gradient can be 
applied without unduly affecting the tube performance; 
thedynode chain thus need not be constructed from part­
icularly high stability resistors. 100 KSl , i watt 
resistors are used, with 200 E &  for the cathode-first 
dynode stage (figure 17). Keeping the gain of the first 
stage high reduces the effect of noise due to random 
fluctuations in the multiplication process « The current 
through the dynode chain is about 1 mA, 1000 times greater 
than the largest signal current, so the response is 
completely linear space charge effects and fatigue due
I
to electron bombardment of the dynodes being negligible 
for such a. small collector current.
The outsi&e vi/all of the tube is coated with 
Aquadag and kept at cathode potential. This prevents 
the glass from charging u p , extracting electrons from the 
dynode system and causing a fluorescent patch on the wall 
with a consequent increase in dark current.
5.3. Oscilloscope recording.
As mentioned above, account must be taken of 
phase changes in the spectral intensity and wavenumber
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circuits, if the oscilloscope spectral profile is not to 
be distorted. This requires (see Appendix) that any phase 
change in the spectral intensity circuit must be prop­
ortional to the frequency in such a manner that the phase 
change corresponding to the first harmonic of the spectral 
profile, regarded as a function of time, equals the total 
phase change, both mechanical and electrical, in the 
wavenumber circuit. This criterion will now be applied 
to the various electronic circuits.
5.3*1. Electrical v/ave filtering.
The s/n ratio can be improved by reducing the 
bandwidth by means of a low-pass filter. A convenient 
oscillation frequency for the parallel movement is 7 c/s. 
The velocity of scan at the centre of the spectral trace 
X = auT . • For a scan of two orders at a finesse of 25 
the resolving limit is a/25 i.e. dt = a/25wa = 10^^ sec.
A minimum bandwidth of 1000 c/s is thus required.
A constant k, TT section, low-pass filter is 
employed (figure 18) in preference to an m derived filter 
because the phase properties are better « For such a 
filter operating on an image impedance basis =
e*”^ Vip. Ô , the image transfer constant, = cf\ ^  ±(^ ; o( is 
the image attenuation constant and is the image phase
- 115 -
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constant. It can be shown (see, for example, Shea 1951 ) 
that Cosh 0" = 1 + ( ). Substituting the values
Z-j = R + iuTL, Zg = l/iLKTl (R = the resistance of the 
inductance, that of the condensers being negligible),
Q = o( and equating real and imaginary parts gives
(within the passband) ,
= the cut-off angular frequency = 2TTf^  where f^ = 
I/TTvT l C^ is the cut-off frequency.
35 mm Vinkor (Mallard type LA 2103) Rerroxcube 
cores give a total (R/k tL) of about 0 «05 for L = 72 milli­
henries and a frequency of 28 c/s, (the first harmonic 
of the spectral intensity signal).
Neglecting the terms in (R/urL)^ and (R/iaTL)"^  which are 
1 then
The corresponding expressions for a dissipation- 
less filter are
C p  ^  \ —  Va av\d Coz^ o( ~ 1 .
-  117 -
In the passhand ( ^  1 and can he kept ^  0.4 so
that the effect of dissipation is to slightly improve
ur*
the already very good approximation n  = (2/uT^) and 
slightly decrease the transmission by a practically 
constant amount.
If then ( 0.4 the error in assuming
^ = (2J^) is <  2.bio at = 0.4 and only 0.5/»
at ( W / ) = 0.3. Thus for frequencies 0.4# f^, the 
phase change, is proportional to the frequency to a very 
good approximation so that very little distortion occurs 
from this cause. Moreover the characteristic impedance
Z ir = Jl/T ^ - Sijc i
is not very frequency-dependent within this frequency 
range, i.e. at (W " / = 0.3, Z^= 1.05vJ~L/^and atT
1
(ur/u£) = 0.2, Zjj- = 1 .02(Jl/C 'and so a terminating 
resistance R = will be a good approximation to
image impedance working. The frequency dependence of 
both phase shift and characteristic impedance is shown 
in figure 18 and also the attenuation curves for a low-pass 
filter terminated by (a) its characteristic impedance and 
(b) a resistor Rq = J l/^. It can be seen that curves 
(a) and (b) coincide for (f/f*'^)^ 0.5.
Since an undistorted passband of 1,000 c/s is 
required, f^ was made = 2500 c/s. For a terminating
— 1 18 —
resistance of 600.5^ i.e. - ôOoS'i l/7rJ^C^= 2500
gives L = 72 mH and 0 = 0.2^ P. Scanning two orders at 
7 c/s gives a fundamental frequency of 28 c/s for the 
spectral profile i.e. ( *^/(^ ) = 0.01 and Cos ^  =
1 - 2Ü/o/(^  )^  = 0.9998 and ^  = 2 x 10"^  ^ radians, a smallC/
phase shift. The phase shift due to the 10yU P isolating 
condenser, after the wave filter, and the 1 megohm input 
impedance of the oscilloscope is tan"^ l/w^C = 5 x 10"“ 
radians, which is'negligible, and decreases with increasing 
frequency.
5 .3 .2 . Phase changes in the wavenumber circuit.
Voltages across the vibrator moving coil (figure 
14) are out of phase with the coil current by tan""^  t^l/P 
= 0.004 radians; L is the inductance (= 22 mH) and E is 
the resistance ( 240SL-) of the vibrator and is nov7
2 7f X 7 C/S. Viscous damping introduces a mechanical 
phase shift between the driving force and the displacement 
of the moving interferometer plate.
All these phase shifts are easily corrected for 
by the simple phase shifter circuit comprising 
of figure 14. The value of the correcting phase shift 
introduced is varied by variation of E^ (a Muirhead non- 
inductive resistance box). The amount of correction 
required is small and E^ is usually about 200051 . Although
- 119 -
an oil with a low temperature coefficient is used in the 
damper, there is a slight drift in the damping due to 
temperature changes, but the resulting phase drift is 
easily and quickly corrected for by adjusting the value 
of
5 .3 .3 . Measurement of spectral intensities and wave­
number differences.
In measurements from photographic copies of 
oscilloscope traces, to any nonlinearity of the cathode 
ray tube is added optical and photographic processing 
distortion. Also variation in writing speed from point 
to point oh the trace makes photographic reproduction 
difficult. Alternatively distances along the x and y axes 
can be measured directly using the oscilloscope shift 
controls. An accuracy of about 2^ can be expected from 
such measurements and for intensity values this is
i
certainly better than the classical photographic method 
of using the interferometer.
The most accurate method of measuting wavenumber 
differences is by variation of the L.C. bias current 
through the vibrator. The current is adjusted so that a 
peak corresponding to one of the wavenumbers coincides 
v/ith a vertical line of the oscilloscope graticule. The 
current change required to exactly scan one order of
— 120 —
interference, i « e. the oscilloscope pattern is exactly 
as before, is determined by measuring the voltage change 
across resistance r-j (figure 14) with a Tinsley potentio­
meter. The bias current is then varied by an amount 
sufficient to move the other spectral peak to the fiduciary 
line and the current change determined as before. Repet­
ition of these two operations increases the accuracy of 
the result. The ratio of the two current increments gives 
the order fraction dm, from which the wavenumber difference 
is obtained directly ( dp ^ d m . A'J). Figure 19 illustrates 
the method and shows the measurement of a Zeeman splitting 
in a L.C. mercury lamp (Osram) produced by a field of
I
2200 oersteds.
Expansion of the oscilloscope trace helps to 
increase the accuracy of locating the spectral peak. The 
result is independent of the linear deflection properties 
of the oscilloscope, which is used merely as an indicator 
and not as a measuring instrument. The Anderson bridge 
circuit ensures that only direct current flows through r^ , 
otherv/ise A.C. fluctuations would interfere with the 
potentiometer measurement. Use of an accuate digital 
voltmeter instead of the potentiometer should speed up the 
measurement.
Since the interferometer separation is varied 
sinusoidally in time, the time interval between two orders
1 2 1
(a) (b)
Measurement of wavenumber directly on the oscilloscope. a —  b =  order fraction,
CO (d)
Measurement of Zeeman splitting in field o f 2 / 0 0  oersteds.
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of a spectral line depends on the position of the line 
on the oscilloscope trace. Thus a timing method could he 
used to supplement the graticule indication to deter­
mine very exactly when the corre.ct amount of variation of 
interferometer separation had been achieved,. Then the 
time interval, measured for example with a suitable pulse 
height discrimination circuit, between two successive 
orders of one spectral line would equal the corresponding 
time interval for the other spectral line.
The measurement of wavenumber difference in this 
manner is not any more rapid than function plotter 
recording and subsequent measurement from the pen recorder 
trace, now to be discussed, but could prove useful if a 
function plotter were not available and an accurate perm­
anent record of the spectral profile not required. The 
main advantage is that any change in the spectral profile 
is immediately detected, but then the trace is normally 
monitored by the oscilloscope during function-plotter 
recording also. For a rapidly changing spectrum, of 
course, photographic recording of the oscilloscope trace 
as it is written, would be necessary. Figure 20 shows 
typical oscilloscope traces.
5.4. Function plotter recording.
When very accurate spectral intensity measurements 
are required, the spectral profile is recorded by a function
one orde r
— 1 2 3  ""
I i
two orde'~5
X  5461 Hgl. Interferometer separation 2.9mm. R =» 3OOJ0OO,
A4358
V  A ' 'V
. A 4 0 4 7
Hgl Hyperfine structures. Cooper Hewitt lamp. 2 Amp. current
F i g u r e  2 0
- 124 -
plotter. (Honeywell Electronik Function Plotter). Auto­
matic plotting of a curve which shows the continuous 
relationship of two variables (spectral intensity and wave- 
number in this case), one as a function of the other, is 
readily accomplished with this instrument. The function 
plotter incorporates a strip chart single pen recorder, 
the chart drive mechanism being actuated by an independent 
measuring system. Thus the instrument incorporates tv/o 
measuring systems, one of which actuates the recorder pen 
while the other motivates the chart. Both pen and chart 
measuring circuits respond to any B.C. source. Full scale 
deflection of 11 in. in either direction along both axes 
corresponds to input signals of 10 millivolts, the pen 
speed being 2.5 seconds for full scale travel and the 
chart speed 5.5. seconds. Input impedance is 7000 JZ^and 
the optimum source impedance for maximum sensitivity is 
400 Si. . Accuracies are 0.5^ for the chart circuit and 
0.25^ for the pen circuit. Both circuits are quickly 
and simultaneously standardized by push-button control.
The chart drive signal is derived from voltage 
variations across the 400 ÇU resistor (figure 14). In 
series with is a resistor bank R^ whose value can be 
varied in steps giving values of 100 200 , 400
and 900 KSV successively with corresponding variation of 
the wavenumber scale of the recorder trace. The recorder
—  1 2 5
resolving limit being 2.5 seconds, a finesse of 25 requires 
62.5 seconds for recording one order if the spectral profile 
maximum height occupies the whole charto The coupling 
between the electric motor and potentiometer Rg is by belt 
and pulley. The time per revolution can be varied between 
one and six minutes, so up to five orders can be recorded 
without distorting the trace. Using the manually controlled 
potentiometer R^ and accumulators, the speed of scan can be 
adjusted to suit the part of the spectral profile being 
recorded, i.e. a slow scanning speed for sharp intense lines 
and rapid scanning along continua.
The spectral intensity signal for the pen drive 
goes straight from the cathode follower or is further 
amplified, depending on the signal strength. Figure 15(b) 
gives the dynamic characteristics of an EF 86 cathode follower 
for cathode loads of 600 57-. and 4700^7^ respectively. The 
photomultiplier signal is usually 400 millivolts and the 
cathode follower operates very linearly under these conditions 
For direct recording of the cathode follower output signal, 
the cathode load is 600 57- so that the operating point of 
the valve is not so much affected by the value of the load 
impedance (R3 + Rq). With the grid at earth potential the 
anode current I = 4.9 mA and the cathode potential is 
-2.9 volts (for the actual valve used the potential was 
-2.8 volts). The impedance seen by the recorder pen circuit
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is Rj = 40057. • R4 is a resistor bank giving values of 
2 , 12 E ^ ,  22 E^L , and 42 Ejl, R4 = 42 ES^and zero
photomultiplier signal give an output signal to the recorder 
of 28 millivolts. 10 millivolts gives full scale deflection
of the recorder pen and the extra 18 millivolts are backed 
off by part of a battery voltage (2 or 4 volt accumulator), 
the backing-off voltage being varied by variation of a series 
resistance R^ (10 E ^ L  and 25 EjT-potentiometers in series.). 
The photomultiplier signal, which is reduced in the same 
proportion, is of negative polarity. The E.H.T. supply is 
adjusted to give full scale negative deflection at maximum 
signal.
Smaller signal voltages require reduction of R4 to 
maintain full scale negative deflection at maximum signalo 
This leads to greater variation of the spectral trace base 
line since variations in cathode voltage now have a greater 
effect. Further, the resistance R5 has to be reduced so
L
that a larger proportion of the cathode voltage across R3 
can be backed off and this places greater demands on the 
stability of the battery voltage. For a signal voltage of 
60 millivolts variations of 0.02^ in the battery voltage 
lead to '^fo variation of the trace base lineo Cathode 
voltage variations have an even greater effect at these 
low signal voltages, never being less than 1 millivolt in 
magnitude across the càihode load. For the 60 millivolt
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signal this leads to a variation of 1 .6^ in the trace base 
line. Thus for signal voltages 200 millivolts another 
circuit has to be employed.
A double cathode follower amplifier consisting of 
two matched valves with common anode voltage supply and com­
mon filament currents was first investigated. One grid 
was connected directly to earth and the other grid through 
the photomultiplier load. The two cathodes were connected 
by a 40057- resistor and any voltage developed across this 
resistor was balanced out by adjusting the value of one of 
the cathode load resistors. No backing-off voltage is 
required with this circuit. However, the output voltage was 
never stable to better than 1 millivolt, so a B.C. amplifier 
has to be used for small signal voltages.
5.4.1. B.C. amplifier for small photomultiplier signals.
The photomultiplier signal is chopped by a 
Carpenter polarized relay (Telephone Manufacturing Company, 
type 5C9B) at 60 c/s. The resulting square wave is amplified 
by an A.C. amplifier (Quad H  preamplifier), the cathode 
voltage of the cathode follower stage being isolated by a 
condenser C3 (figure 17). The A.C. amplifier gain is 
variable and distortion is negligible (ZL 0.02^). The 
amplified signal is rectified by key Kp of the relay which 
operates synchronously with the chopper key « The signal
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appears unidirectional after rectification but noise 
components whose frequencies differ from the chopper 
frequency appear as alternating. The output from the 
rectifier is smoothed by a E.G. filter circuit Rg, C^, 
with a time constant of 0.4 seconds. This circuit responds 
only to frequencies lying around the odd harmonics of the 
chopping frequency so low frequency vibration noise and 
shot noise signals are averaged out. The combination of 
anti-vibration table and chopper amplifier is very effective 
in eliminating stray vibration noise.
The ratio output voltage to peak input voltage 
for a R.C. smoothing circuit has been calculated by Schade 
(1943)> for different values of the ratio source resistance 
to load resistance. For the circuit employed, Schade®s 
calculations give a value of 0.2 for this ratio, in almost 
exact agreement with the measured value.
The output stage is a balanced cathode follower 
amplifier consisting of two matched EF 86 valves with 
common filament current. One cathode load is of fixed 
value and the other is variable. Initially the variable 
cathode resistor is adjusted for zero voltage across the 
output load resistor R^g. The output signal goes to a 
potential divider, R^ ^ , R^ ^  identical with R^, R^.
Even for photomultiplier signals only of 10 milli­
volts the recorded spectral trace base line varies by less
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than 0.59^ once the whole amplifier circuit has v/armed up. 
The H.T. for the cathode follower valves is supplied by dry 
batteries and the filament currents by accumulators. Care 
was taken to avoid earth loops in the amplifier circuit, 
only one earth point is used. Plate 10 shows the scanning 
and recording apparatus.
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Chapter 6 . Testing the Spectrometer.
The final recorded curve Y is the convolu.tion of 
the three functions E, B, F, i.e. Y = E'^B^F. Any defect 
of the parallel movement will affect the form of Y by its 
effect on the form of the étalon function and evaluation 
of test spectral profiles is easier if the recorded curve 
is identical with E (or a very close approximation to it), 
the convolution of the Airy function A and the surface defects 
function D. This requires that the halfwidth ratios (b/e) 
and (s/e) should be as small as possible. Since e - 
- l/2ntNg and N g  must normally be as large as possible, 
the interferometer separation t should be kept as small as 
possible for test purposes. The smaller the value of t the 
greater can be source line width and area of scanning aper­
ture, which means a better S/N ratio through the use of both 
a brighter source and a larger aperture.
In high resolution spectroscopy a hgh finesse is 
normally desirable so that maximum free spectral range is 
achieved, for a given resolution, and overlap of orders is 
avoided or, at least, reduced. Contrast is then good which 
is very important for resolving weak satellites. Thus high 
finesse is required for adequate testing of the spectrometer 
and this demands reflecting layers with high reflectivities 
and low absorption if an adequate S/N ratio is to be obtained.
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A high value of N ^  also leads to the form of the recorded 
spectral profile being more sensitive to any defects in the 
parallel movement. The production of silver layers with 
high reflecting and low absorption . co'efficients will first 
be discussed.
6.1. The reflecting layers.
As described in 3.5, reflecting powers of greater 
than 0.95 are not usually needed, and for many purposes 
R = 0.9 is sufficiento Reflecting powers ^  0.9 with low
absorption are obtainable with metal films (Ag and Al) in 
the visible and ultra-violet regions if care is taken over 
the evaporation conditions. For wavelengths above/\ 5000 
there is very little to be gained by the use of multilayers 
and below A  2500 suitable materials for multilayer coatings 
have not yet been found. A drawback of the multilayer 
coatings is their selectivity, the working range being 
usually 500 1 1000 A wide. This would not be serious if 
they could be easily removed without affecting the inter­
ferometer plate surface, but in fact high quality plates 
have to be repolished after removal of multilayers. Farther 
the thicknesses have to be controlled during the evaporation 
leading to a much more complicated manufacturing procedure 
than with metallic films. Thus for general interference 
spectroscopy metal layers are normally to be preferred.
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6.1.1. Preparation of the silver films.
The preparation of evaporated silver films of high 
reflectivity for interference spectroscopy has been exten­
sively studied. Kuhn and Wilson (1950) claim that the 
speed of evaporation has little or no effect on the optical 
properties of the films while Sennet and Scott (1950) found
a marked change in the optical properties for different
0
evaporation rates. Thus a film 340 A thick had R = 0.89
and T = 0.09 for a 2-second evaporation, R = 0.82, T = 0.08
for a 1.5 minute evaporation and R = 0.74, R = 0.07 for an
8 minute evaporation (all values for X  5500). Films
evaporated at slower rates were more aggregated at thick-
o
nesses greater than 100 A with a consequent increase in 
absorption. The aggregates of slov&y formed films tend to 
grow more in height,le. become thicker before joining to­
gether while the aggregates of rapidly formed films remain 
thin and grow out over the substrate. An increase in 
substrate temperature also leads to greater aggregation.
This dependence of the properties of silver films on their 
structure can be predicted qualitatively on the basis of
the Maxwell G-arnett model of a distribution of metal spheres
embedded in a dielectric.
The variation of reflectivity with speed of
evaporation is probably also due, in part, to the influence 
of the residual gases during the time of deposition of the
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film. The amount of occluded gases in the metal will 
depend on the relative rates of bomhardment of the surface 
by foreign gas atoms and metal atoms. Thus the vacuum 
pressure should affect the properties of the metal film 
and this has been shown to be the case for aluminium 
(Hass, Hunter and Tousey, 1956). More recently, Srivastava 
and Scott (1961) have found that silver films deposited in 
a vacuum chamber previously flushed with helium exhibit 
less aggregation and reduced ageing as determined from 
electrical conductivity, compared V7ith films produced undsr 
the usual high vacuum procedures.
The usual film thickness monitoring systems are 
too slov/ for evaporation times as low as 10 seconds, so 
in the present work the thickness of the silver films was 
predetermined by using a weighed amount of silver wire in 
a molybdenum boat. Merely using the inverse square law 
to calculate the weight of silver needed is not sufficient, 
a geometrical factor being introduced by the focusing 
properties of the boat filament. A calibration of each 
filament is necessary. A new filament is first thoroughly 
outgassed in vacuum and the correct length of 22 S.W.O. 
silver wire (according to an average calibration curve 
previously obtained with other filaments) to give the 
required reflectivity is evaporated on to two test glass 
substrates. The substrates are 32 cm from the filament and
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care has to be taken to have the boat filament horizontal 
and symmetrically placed with respect to the two glass 
plates, otherwise the silver thicknesses may be unequal.
Any variation in the optical properties of the two silver 
films has been found to be due to difference in thickness, 
as measured by the Tolansky method, and not to any other 
cause such as variation in the degree of cleanliness of the 
two substrates. The reflectivity is then measured and 
this gives the geometrical factor for the particular fila­
ment. A typical filament gave R = 959^ , T = 3.2?io for 3.6 cm 
of 22 S.W.G. silver wire.
The whole evaporation is carried out in less than 
20 seconds by passing a 150 A current through the filament 
but most of the silver goes off in less than 5 seconds.
The interferometer plates are cleaned' with dilute hydrogen 
peroxide followed by Teepol, rinsed in tap water and dried 
with B.P. cotton wool. Any specks of dust are blown or 
brushed off before mounting in the vacuum chamber. V/hen 
the pressure is about 0.3 mm Hg, the plates are discharge- 
cleaned for 3 minutes in a discharge current of 5 A. The
evaporation is carried out at a pressure of better than 
-55 X 10 mm Hg. This procedure gives a very good quality 
silver film.
6.1.2. Measurement of optical properties of the silver films 
The three properties of the reflecting layers
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important for interference spectroscopy are the reflecting 
finesse ^  3/(l - R), the transmission factor =
(T/(i - R)f and the reflective contrast = ( 1 + R^1 - R)^, 
where R^ = R^Rg and s.nd R^ , R^ and are
the reflection and transmission coefficients of the two 
layers respectively. For a source of wavelength \  and 
half width ZXA such that \  t i.e. the width of
the source covers several successive orders of interference, 
the interferometer transmission is = T^( 1 + R^ + R^ +.«)
= t V ( 1 . Writing a = K, h = KT, c = KTp and d = zZT
then = 4d^/hc, = 6da/hc and 0 /:( = l6d^a^/b^c^
since (l + R) 2. To allow for loss of light at the non­
silvered surfaces b and c should be multiplied by 0.96 and
d by (0 .96)^, i.e. b = 0 .96KT1 , etc., but only the value of 
affected by this corection. =
The values of a, b, c and d are easily obtained.
The interferometer is set up with a small separation t and 
a suitable filter chosen to satisfy A X  ^  \ ^^ ^  in 
the required spectral region. A commercial Pulfrich photo­
meter (Carl Zeiss) is used for measuring the transmissions 
T-] , Tg and ^  (figure 21 ). The cells were removed and 
replaced by a metal platform mounted on the photometer 
optical bencho An étalon mount is located on this platform 
by three holes which take the adjustable feet of the mount. 
When one or both of the interferometer plates is placed in
137
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the mount, one of the photometer beams passes through 
centrally and normally and the other beam is unobstructed. 
Each half of the circular field or view is illumainated by 
light which has entered through one of the diaphragm openings 
and by turning graduated drums the brightness in each half^ 
field can be varied by measurable amounts by variation of 
the diaphragm. One of the diaphragms is set for maximum 
brightness (drum reading 100 = K above) and the other is 
varied until equal brightness is obtained.
The light source is an incandescent 30 watt bulb.
Using a filter, two differently bright half-fields of view 
of equal colour tone are produced and the setting is made 
for equal brightness. The measurement is practically 
independent of the colour sense of the observer. A green 
filter is used for determining the transmissions. The 
effective bandwidth is A  5160 - A 5520 with a maximum 
at X 5330. The green filter used by Kuhn and Wilson had 
an effective bandwidth of /\ 5100 -)^5400, centre of gravity y\ 
5200, so that comparison of results is easily obtained.
The reproducibility of the transmission measurements is such 
that the r.m.s. deviation for a single determination is 1^, 
so that the r.m.s. error in N is 1.79^  for a single deter­
mination and this is reduced to 0.6^ if eight readings are 
taken.
Films of different thickness were prepared and
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measured. Thinner films were found to age more rapidly. An
initial value of 20^ for T (A 5330), corresponding to a film
0
'thickness of about 50 A, decreased to 14^ after 16 hours and 
remained at this value over a period of 2 months while an 
initial T = 10^ (150 A thick) decreased to 8^. A typical film 
used in testing the spectrometer and in hyperfine structure 
work had = 6l (650 A thick) and = 0.46, even after 34 
days. There was very little change in the transmission of the 
silver over the 34 days, T^  reduced from 3.4^ to 3.2^ and T^ 
from 3.2^ to 2.9^. During the periods the films were exposed 
to the laboratory atmosphere.
The films produced compare favourably with the best results 
published for silver films. Kuhn and Wilson (1950) report
= 0.32 for N ^  = 60 for freshly prepared films and = 0.2:
for N^= 60 (A 5200) for films 22 days old. The evaporation 
time for their films was 5 minutes. Typical multilayer values 
are = 0.7 for = 60i (A  5200) (Jacquinot I960). It seems 
that rapid evaporation produces a better quality silver film.
The more rapid ageing of the thinner films is to be expected 
from their more aggregated structure. A continuous film 
having a smaller exposed surface area than an aggregated 
film is less liable to contamination by the atmosphere. The 
greater absorption and more rapid ageing of the slowly 
evaporated films of Kuhn and Wilson are also explicable in 
terms of strucutre. The manner in which the structure
— 140 —
depends on the rate of arrival of atoms at the substrate 
and on their migration time and distance after reaching 
the substrate is not at all clear. It is reasonable to 
suppose that in rapidly evaporated films, the migration 
of an atom is altered by subsequent arrival of other atoms 
in the same vicinity during what would otherwise be the 
normal time of migration.
6.2. Testing the parallel movement.
Any departure from parallelism during scan will 
result in both a broadening of a line profile and a decrease 
in maximum height. Both of these tests for conservation 
of parallelism are more sensitive the greater the value of 
the reflecting finesse , provided the source is bright 
enough to give an adequate S/N ratio. It is necessary to 
test the movement with plates with as high a value of limiting 
finesse as possible and the initial adjustment of the inter­
ferometer must be as good as possible as this v^ ill also set 
a lower bound to the detectable error in parallelism.
A water cooled Hg^^® isotope B.C. lamp (G-.E.C.) was 
employed for test purposes. This lamp requires a striking 
voltage of 1,500 volts and h running voltage of 400-500 volts. 
The rated maximum current is 25 mA. A motor generator giving 
1200 volts was used as a power supply and the lamp current 
was controlled by a vaxiable resistance of up to 13 K 1^/ in
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series with the lamp, which was initially excited with a 
Tesla coil. The \  5461 line of this source has a halfwidth 
of about 20 mK if the water flow is sufficient. An inter­
ferometer separation of 2.919 mm corresponds to a free
^  A
spectral range of 1.712 cm so the source finesse is 86.
The scanning aperture diameter was 1.25 mm and the collecting 
lens had a focal length of 50 cm. The relation Rp = 27T 
gives f = i ) i / 2 , i  = angular radius of scanning aperture.
Substituting i = 1.25 x 10"~^, V  = ( l/5.461 ) x 10^ gives 
f = l 3 . 1 m K s o N p  =130. Finesses in the range 22 to 27 
were obtained in the test traces, depending upon the degree 
of parallelism achieved in the initial adjustment. This 
adjugent was easier to carry out and parallelism retained 
longer if the locating pips and rod contacts were periodically 
cleaned with ether. ^
The scanning halfwidth and the source halfwidth being 
both very much less than the halfwidth of the recorded 
function, it is permissible to assume = N-p = N y  in
calculating the (small) effect of the source width and the 
scanning aperture on the form of Y. For N g = 2 5  and N p  = 
130, f/e = 0.19 giving = 1, 0.99 or 0.98 (figure 22a)
according as E is of rectangular, Gaussian or Airy form. 
Similarly Eg = 86, s/e = 0.29 give = 1 ,  0.97 or 0.955
(figure 22b). For the same values of f/e and s/e figures 
23(a) and 23(h) give e/y = 1, 0.99 or 0.98 and e/t - 1, 0.96
-  Ik2  -
(C ) F Ar F
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or 0.92 respectively. Thus for this source and the scanning 
aperture employed, the recorded curve Y may he assumed to he 
identical with the interferometer function E.
E = is intermediate in form between the limiting
types rectangular and Airy. The following rules, derived 
from the properties of convolution functions, indicate the 
behaviour of a convolution product when one of the component 
functions is not a standard function.
(i) Given three functions A (Airy), G (Gaussian) and R 
(rectangular) of equal width, in a convolution product, what­
ever the other component function, A is broadened more than
G which is itself broadened more than E, A being much more 
broadaned than the other two.
(ii) Given a function Z = X^Y. If X is more liable to 
broadening then Y (e.g. X = A, Y = E) then for x/y >  2, the 
broadening factor of Z is, to a close approximation, that of 
a function of type X. Eor y/x y 3 the broadening factor is, 
to a close approximation, that of a function of type Y.
(iii) The convolution product of two rectangular functions 
of equal width is a triangular function whose broadening
is similar to that of function G. On the other hand 
= G^.
In evaluating the effect of any non-parallelism of 
the movement on the recorded curve three separate surface 
defects functions have to be considered: (x) arising from
- U 4  -
the non—flatness of the interferometer plates, (x)
from any initial non-parallelism of the plates and (x)
from any non-parallelism of the movement. Using the central 
bright spot in the interference pattern for adjusting the 
interferometer (x) can be kept ^  A/120. The convol­
ution of I (x) and is then a trapezoidal function
of halfwidth / 60 (the half width of /^/ (x) ) and with
practically the same broadening as a rectangular function.
Then when the halfwidth of (x) is also = /\ /60,
^  (x) = i (x) (x) (x) approximates to a tri-
^  \
angular function of half width A / 60 .  Any initial non­
parallelism of A  /60 would also lead to the same result 
for (x) if the parallel movement error is small enough.
Thus figure 24 shows 5 orders of X  5461 (Hg^^^ lamp). The 
finesse is 22 and can be explained by an initial non­
parallelism of maximim amount of ^  ^  /50. function
A change of cO (x) from a rectangular to a triangular/ 
results in a decrease of N ^ and with further decreases
if the half widths of ^ 2^  (x) or (x) become ^  A / 6 0 .  
Any non-parallelism of the movement can then be detected by 
its effect on the fringe maxima and finesse.
6.2.1. Variation of fringe maxima.
Assuming that initially the plates are parallel to 
better than ^  /l00 so that to a first approximation the 
effect of (p^^(x) can be neglected, any non-parallelism of
- 11*5 -
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maximum amount ^  A / 5 2  will affect the value of '"//.only 
hy changing the functional type of (x). From figure 4(h)
for d/a = 2 the change in 6^is from 0.56 to 0.48 so that
for non-parallelism of' maximum amount A  /75 a decrease of
about 8^ would be expected increasing to 16^ for non-paralLel— 
ism of A  /52. Any further amount of non-parallelism will 
affect the value of ^  also because of the increase in the 
halfwidth of ^  (x), = 1^3/2( c - A/52). Using
d = /( A /2 ^ ( 3 .1 .1 .2 ) gives
A  (d/a) = \TT (c - A/52)//v . In the graph of 
as a function of (d/a) for D a Gaussian function (figure 4(b)) 
the slope is greatest and practically constant for the values 
0.5 A  (d/a) ^  2, so that variation with departure from 
parallelism increases with . Thus the test of constant 
maxima for parallelism of movement is more sensitive the 
larger the value of N ^ within the above range of (d/a) and 
consistent with a good S/N ratio. A N ^  = 61 was employed 
v/hich gives (d/a) = 2 for N =30.
If C = A /50, (d/a) = 0,08 whence =
0.026 and is reduced from 0,48 to 0,454, i.e. a further
5^ reduction. Such large reductions would be easily detected 
on an oscilloscope or pen-recorder trace. Figure 26(a) shows 
two orders with a finesse of 27. For = 61 , N ^ / N ^  = 0.44 
and thus from figure 3, if the defects function is assumed 
rectangular in behaviour, = 2.1, giving = 29,
~  1 4 7  -
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in very good agreement with our previous assumption that the 
limiting finesse N^p = 30 and is mainly due to spherical 
curvature.
In the trace of figure 26(a) the two fringe heights 
are, in fact, equal to within 0.25?^. Similarly in oscillos­
cope recording no departure from parallelism is revealed hy 
variation in fringe maxima heights so parallelism is conserved 
to better than /\ /80 at least.
It is not possible to scan more than 5 orders without 
exceeding the maximum safe current for the vibration exciter « 
To examine the behaviour of the movement it was necessary to 
move the interferometer plate through a distance corresponding 
to many orders (53). The resulting decrease in finesse of 
the spectral trace was a measure of the departure from 
parallelism.
I
6,2.2. Variation of spectral finesse.
Any nonparallelism in the movement also affects 
the recorded spectral finesse and measurement of the 
increase in fringe halfwidth gives the amount of departure 
from parallelism. If a/e is sufficiently small, the final 
trace halfwidth is entirely due to the nonparallelism of 
the interferometer plates. Thus if N =10, = 60
so a/e = 0.17, then for a defects function of rectangular 
behaviour d/e = 0.99 (figure 25). Again, as for variation 
of fringe maxima, the fringe width is more sensitive to
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variation in for values of N such that (]%/Nj)) ^ 1 . 5
as can be seen from the plot of Ng/Nj> as a function of
(figure 3). for values of (N^/N3 ) 2 any decrease
in N p  is accompaded by a practically proportional change 
in N ^  . If NK = = 30 and decreases to 28, N g
decreases by 3.8^ while for = 60 the same decrease in
N%) results in a decrease in Fa, of 5.1^.
With no current in the moving coil the driving 
pin of the vibration exciter exerts a force of 650 gm.wt. 
on the moving platform. The vibration exciter was pulled 
back in its mount and the interferoi^ieter carefully adjusted 
for parallelism so that should have its maximum value
of 29. The vibrator was replaced in contact with the plat­
form. The resulting force moved the platform through a 
distance corresponding to a scan o f ‘53 orders, a force of 
12.2 gm wt per order being required. Immediately two orders 
of \ 5461 were recorded using the isotope lamp as source.
This procedure was repeated 6 times to eliminate errors due 
to the interferometer either going out of or coming into 
adjustment for any other cause. Figure 26(b) shows a 
typical trace. The average finesse was 10.0, the actual 
values being 10.0, 10.4, 9.5, 10.4, 9.9 and 9.6 with a 
r.m.s. deviation of ± 0.35. For = 6l, N £ = 10.0,
the departure from parallelism is (A/20).(2/Jl) = /\/l7
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over 53 orders, i.e. A  /900 per order, and is a cantilever 
bending in the direction expected.
F.P. plates are rarely flat to better than A / 8 0  
so 13 orders could be scanned before departure from paral­
lelism became of the same magnitude as the non-flatness of 
the plates. Similarly 13 orders could be scanned on the 
other side of the zero position so that in all 26 orders could 
be scanned. More attention to mechanical design should 
result in even better performance. These tests were carried 
out on the thicker springs (0.125 in. thick). These springs 
are not well matched and are not at all flat being somewhat 
twisted and this probably accounts for most of the departure 
from parallelism in the movement. For high resolution 
work scans of one or two orders only are required. Typical 
high resolution profiles are shown in figures 27 and 28.
6.3. The wavenumber scale.
The force-current relation of the vibration exciter 
is specified linear to 2io only, so the wavenumber scale had 
to be calibrated. Several traces of 5 fringes of A, 5461 of 
the Hg^^^ lamp, similar to figure 24, were recorded for both
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increasing and decreasing positive and negative currents 
through the driving coil. In all cases the inter-order 
separation as measured on the chart increased as the inter­
ferometer plate moved from its zero driving current position 
in either direction. 18 such traces were recorded and 
measured. The first order distance is the distance between 
the first two fringes and so on to the fourth order distance, 
the distance between the fourth and fifth fringes. The 
average increase in order distance from the first order 
distance to the second order distance was 1.5^^ with a 
further 3% increase for the third order distance and another 
y/o increase for the fourth order distance, witten symbol­
ically as
Azs" A12 = 0  ^ Ai) =0 £>3Al3'^
A 4-S' - A34. = O'05 A.3/jL.
For these traces, the accuracy in locating the fringe 
centre was 0.5^ of an order.
From-these results it can be seen that the dep­
arture from linearity increases with the scanning force, but, 
fortunately, for high resolution work a scan of just over 
one order is sufficient so the vibration exciter employed 
is then good enough if its force-current relation is 
calibrated for this amount of movement.
The isotope lamp is not suitable for calibrating 
the wavenumber scale of the first order distance since it
-  1 5 6  -
gives only one fringe per order. The hyperfine structure 
of y\ 5461 of natural mercury was used instead. At the same 
interferometer separation of 2.919 mm a Cooper Hewitt l.C. 
lamp, under-run with a choke in series, gives seven clearly 
resolved components well distributed over the order distance 
Figure 29 shows several orders of this line with a finesse 
of nearly 25 and figure 30 shows the first order on a larger 
scale. This light source is not as stable in intensity as 
the isotope lamp but the small variation does not affect 
the wavenumber scale calibration measurements.
If y is the distance, measured in orders of 
interference, through which the interferometer plate moves 
and X the current through the driving coil and therefore 
proportional to distance along the wavenumber scale of the 
pen-recorder chart, then for a linear relation x = ky.
Distances h>jh2, f ^f 2, A2, .... ^2^3 > ^2^3» -^2^3
were measured on several traces of average finesse 25 
giving values of dx/dy corresponding to the midpoints on 
the trace of h^h2 etc. x was measured from the first 
component in each case. A plot was drawn of dx/dy as a 
function of x. Figure 31 gives the points on such a plot 
corresponding to two of the spectral traces. The points 
lie along a straight line to within the accuracy of measure­
ment. The uncatainty in measuring dx/dy was i 0.025 mm and 
the average order distance was 9 cmo The slope of the line
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—  1is 0.01 order i.e.
(d/dx)(dx/dy) = 0.01.
Integrating gives dx/dy = 0.01x + kg. In this equation 
we can put x = k^y in the correction term where k-^ is the 
first order distance. This gives dx/dy = O.OIk^y + kg and,
p
integrating again, x = 0.005kiy + k^y + kp. Since x = 0
for y = 0, kp = 0, so finally, x = k^y + 0 .005k^y^. Putting 
y = 1 gives a departure from linearity over one order of 
0.005 (k^/k^). Since (k^/k^) = 1.005 the wavenumber scale 
is linear to 0.5?^  over the first order «
Por fractions of an order the percentage nonlinearity 
is proportional to the fraction f and equals 0 .5f^. The 
maximum departure from the straight line of a point in the 
graph of figure 31 is 0.025 cm order"^^ , in good agreement 
with an error of ± 0,025 cm in locating a fringe centre.
The maximum error in the correction term is then 25^ so that 
the wavenumber scale is linear to 0.5^ over one order and 
can be calibrated to an accuracy four times better than 
this. This calibration includes any nonlinearity of the 
function plotter.
To determine the cause or causes of this non- 
linearity various tests were carried out. First the chart 
scale was separately calibrated. The input voltage, from 
an accumulator which had settled down to a steady voltage 
after being charged, was pleasured by a Tinsley potentiometer.
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The potentiometer was standardized at each calibration point, 
the procedure for each reading being: standardize potentio­
meter, measure voltage, record on pen—recorder chart, measure 
voltage again, check chart recording, final voltage measure­
ment. Thus each voltage value was measured three times and 
the corresponding chart recording made twice. Readings 
were taken at points along the chart scale, both for increas­
ing and decreasing signal currents. Table 2 gives the 
values for decreasing current. The chart distance could be 
measured to 1 0.025 cm and the voltage to 0.0001 volts.
Table 2. Function plotter chart scale calibration.
Input Signal Chart Distance Ratio
V volts X 10^ D cm D/V
1.0352 28.950 : ' 27.97
0 .!38(](5 27 ;27.88
(3.8Ç)72 25 .125) 28 .(33
0.8 zip'? :?:). 85)C) 28 .(3'7
(3 .(58:38 - 1!3.1"?!? 28 .(3:3
0.58:3(3 16.3 5) (3 2!8. C)4-
0 .:3:3:2(3 9 o:3(3(3 28 .(3:2
(3.28:3 2 "7 .<3 5) (3 :28 .(3<3
(3 .:2(3(S't 5). 775; IE"? .<38
C). 1185 3 .:3:25) 2(3 .(3(5
p
The average value of D/V is 28.02 x 10 cm/volt. The r«m.s. 
deviation for a single reading is i 0.04 , i.e.±0.l59^ and 
as can be seen from the table, the deviations from the mean
1 ( 5 : 2
are quite random.
Next the wavenumber scale law was obtained for a 
driving current of reversed polarity but again it was 
found that the order distance increased for increasing 
magnitude of scan. As the spring deflection is now being 
reduced instead of being increased as before, the interfero­
meter mount springs are eliminated as a possible cause of 
nonlinearity. A much greater nonlinearity in the wave­
number scale had been detected earlier when the interferometer 
was mounted with the top platform horizontal. This results 
in the weight of the platform tending to increase the spring 
deflection as the platform moves^leading to a large departure 
from linearity of 12^ over one order. This effect was 
overcome by mounting the interferometer so that the free 
edges of the springs are horizontal and the spring planes 
vertical.
The variation of the wavenumber scale being indep­
endent of the direction of scan also means that the effect 
of the magnetic field generated by the current in the moving 
coil is not an important cause of nonlinearity. The most 
likely cause is then non-uniformity of the magnetic field 
in the air gap of the vibrator magnet. The wavenumber 
variation could be explained by a field distribution such 
that the magnetic intensity decreased symmetrically on either 
side of the rest position of the coil. For low resolution
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scanning of many orders a better type of vibrator could be 
used, so as to reduce the force distortion, eog. Philips'^
PR 9270 vibration exciter has a force distortion of less 
than 0.5^ over a stroke of 2 x 4 mm.
Since the wavenumber scale can be calibrated to 
0.125^, the limiting factor in wavenumber difference measure­
ments then becomes the accuracy in locating the fringe 
centres. The accuracy in measurement here is ± 0.25 mm 
and with order separations of 18 cm this corresponds to 
0.14!^ of an order. In obtaining the value of the minimum 
separation the A and C components of A  5461 of Hgl were 
used (figure 30). Agarbiceau et al (i960) and Blaise and 
Chantrel (1958) give 1 .0749 cm"^ and 1.0754 cm*^  ^ respectively 
for this. Taking as mean 1 .0752 cm"~^  the minimum separation 
was obtained by measuring the order fraction for these two 
components, from ten separate traces, and taking the mean.
The value obtained was 0.6276 ± 0.0009 corresponding to a 
value of 2.919 i 0.004 mm for the minimum separation.
Thus wavenumber difference measurements have a 
0 .4)( error for a single trace with a reproducibility of 
0.14^ for ten traces. The average finesse of the ten 
traces used was 25, so that the wavenumber uncertainty for 
a single measurement corresponds to one tenth of the 
resolving limit and the reproducibility is such that the 
r«m.s. deviation of ten measurements on separate traces is
-  164 -
one thirtieth of the resolving limit.
6.4. Rapidly varying sources.
For examining spectra of rapidly varying sources 
such as gas discharges the recording of the spectral pro­
file may he all that is needed, or information about the 
nature of temporal variations of the source may also be 
requiredc The S/N ratio obtained will depend on the 
source brightness, and on the bandwidth employed, which in 
turn depends on the stability of the source. If only 
the spectral profile is needed then two fringes are suffic­
ient and the speed of scan should be chosen so that the effect 
of source variations on the spectral trace is of the same 
order of magnitude as the shot noise effect. The band­
width required v^ ill, of course, increase with the speed of 
scan, the number of fringes scanned and the trace finesse.
As described in 5.3.1. above, the bandwidth can be limited 
by a low pass filter.
If intensity variations have to be studied more
fringes may have to be scanned and for the same speed of
scan and the same finesse a greater bandwidth will then be 
required. Although the oscilloscope trace wavenumber scale 
varies ânusoidally in time it can be easily calibrated 
since the wavenumber corresponding to zero displacement 
is always the midpoint of the spectral trace.
Scanning frequencies of up to 1000 c/s have been
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employed. For a scan of 5 orders this corresponds to an 
average time of 10""^ ' seconds per order. A finesse of 25 
is then equivalent to an average time resolving limit of 
4 microseconds.
To test the system on a rapidly changing source a 
high frequency electrodeless discharge (to he described in 
chapter 7) was switched on and off rapidly by a spring 
loaded switch. Several orders of /\ 4358 of Hgl were 
recorded for discharge currents of 200 mA and 350 mA. 5 
orders were scanned at 7 c/s corresponding to 14 milliseconds 
per order on the average. Figure 32 shows the rise and 
decay of the discharge and also intensity variations. It can 
be seen that the 350 mA discharge rises and decays in about 
70 milliseconds, while the 200 mA discharge takes about 
280 milliseconds to rise and decay. ' The irregular intensity 
variations of the 350 mA discharge occur during the decay 
period.
- l66
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Part II
Isotope Abundance in Mercury.
-- 1 --
Chapter 7. Spectral Analysis of the Isotopic Composition 
of Mercury.
To control the separation of isotopes and to 
determine the isotopic composition of elements it is 
necessary to have reliable and exact niethods of isotopic 
analysis operating at maximum speed. Simple and relatively 
inexpensive analytical apparatus is also desirable. In 
principle the mass g^ctrometer provides the ideal solution 
for the determination of isotopic composition but it suffers 
from, the disadvantages of high capital cost and of requiring 
skilled and expensive maintenance. Moreover, a mass 
spectrometer cannot always differentiate between ions 
having identical mass numbers and charges. As v/e]Ll as 
atomic ions, molecular ions can also be produced in the 
discharge source, e.g. and and this sometimes
leads to errors in the analysis. More seriously the large 
"memory" of the instrument frequently causes the results 
of the analysis of a sample to depend quite strongly on 
the composition of previous samples, so much time has to 
be spent in cleaning out and conditioning the apparatus 
each time. These memory effects limit the range of isotopic 
abundance that can be measured by any one instrument when 
using gaseous ionization techniques. The complete coverage 
of all possible levels with mass spectrometers of this 
type is uneconomical and impractical. Consequently in
1 ( 5 S )
recent years efforts have been made to develop alternative 
methods,of isotope analyâs and of these the optical spectral 
analysis method has been the most successful.
7.1. Isotope abundance from spectral intensities.
The quantitative analysis of isotope mixtures by 
emission spectroscopy exploits the phenomenon of the 
"isotope shift". When the spectra of isotopes of the same 
element are examined under conditions of sufficiently high 
resolution it is found that each spectral line is complex, 
being the resultant of several lines, each of which corres­
ponds to one of the isotopes present in the mixture. If 
the resulting structure is sufficiently well resolved then 
the isotope abundance is obtained directly from the ratios 
of the strengths of'these components , allowance being made 
for overlap and provided a line is selected which is free 
from self-absorption. The separation between the isotopic 
components is called the isotope shift. The energy levels 
of two isotopic atoms or ions are shifted relative to each 
other and there is a corresponding shift in the spectral 
lines.
This shift in the energy levels is in fact due to 
two separate effects. The first of these is the simple 
mass effect whereby the positions of the lines of a spectrum 
depend upon the mass of the nucleus of the atom and a change
—  170 —
in nuclear mass causes a slight shift in the position of a 
line. The magnitude of this effect decreases rapidly with 
increase in atomic weight and is therefore important at the 
beginning of the periodic system. Thus the mass effect in 
hydrogen is very large, amounting to about 4 cm‘~^  which 
can easily be resolved even by low resolution instruments.
In heavy and moderately heavy atoms the simple mass isotope 
effect is usually negligible and the isotope shift is due 
to the different nuclear potentials which act on the 
electronic shells of the different isotopes. This difference 
in potential has been explained by nuclear volume and 
polarization effects caused by the different nuclear volumes. 
These spectral line shifts cannot yet be calculated theoret­
ically with any degree of reliability.
Along with the level shift due to the differences 
in isotopic masses, the ordinary hyperfine structure due 
to differences in the magnetic and mechanical moments of the 
isotopic nuclei is also observed and this sometimes makes 
the analysis more complicated because of the extra com­
ponents involved.
The smallness of these isotopic shifts in atomic 
spectra means that high resolving powers are required so 
that the use of a large dif'fraction grating or a Fabry- 
Perot interfsrometer is indicated. Photoelectric detection 
is also to be preferred. The optical method is now widely
-  171 -
used having been developed by, among others, Brody and 
Tomkins (l958) using a scanning grating as well as a 
pressure-scanned F.P. spectrometer, the method also used 
by Artoud, Blaise and Gerstenkorn (1958), Zhiglinskii, 
Zaidel and Chaiko (1958) and Thorne (i960), while Fletcher 
(I960) has employed an Echelle grating. For the reasons 
already discussed in chapters 1 and 2, it would be expected 
that an oscillating F.P. spectrometer should provide better 
values of isotope abundance because of its flexibility and 
speed of recording. To test the system the mercury isotope 
abundances were determined from the spectral profile of the 
A 6123 line of Hgl. This line is particularly suitable for 
this purpose as the isotope shift is large and the self­
absorption is low.
7.2. Excitation of the Spectrum.
As discussed in 6.4, the fundamental factors 
limiting the accuracy in the measurement of spectral inten­
sity by time sequential scanning are the intensity of the 
radiation falling on the photocathode and the fluctuations 
of the light source. In the photographic method such 
temporal variations in source intensity do not matter, as 
the whole spectral profile is recorded simultaneously, 
provided all the components change in intensity proport­
ionally. That this is not always the case has been dis­
covered, as described below. Also, of course, photographic
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intensity measurements are much less reliable.
In addition to satisfying the usual requirement of 
sufficient stability and brightness, a light source used 
in isotopic spectral analysis must also produce narrov/ lines 
In high resolution spectroscopy, the hollow-cathode and the 
high-frequency electrodeless discharges have often been 
used and the suitability of both these sources for abundance 
determinations has been investigated in the present work.
The demountable hollow cathode tube used consisted 
of a Pyrex glass sleeve fitting into a Durai base through 
an 0-ring seal (Plate 10). The actual cathode was a hollow 
cylinder of diameter 1.4 cm, constructed of pure aluminium 
and fitting snugly into the Durai base, which was finned 
on the outside to facilitate cooling, for which liquid 
nitrogen was used. The nickel anode was also cylindrical 
in shape, being 1 in. in diameter and about 1-J- in. long.
A small blob of mercury inside the hollow cathode was 
sufficient to produce an intense discharge. Helium at a 
pressure of 1 mm Hg was used as the carrier gas and was 
purified by continuous circulation in a vacuum system 
(Plate 11) identical with that described by Tolansky (1947), 
the charcoal being prepared from coconut shells heated in 
silver sand. Liquid nitrogen was also used for cooling 
the charcoal trap. The discharge voltage was supplied 
by a motor generator, the voltage control circuit being 
the same as that used for the isotope lamp and already
- 173 -
i
Plate 11
-  1 7 4  -
Plate 12
- 175 -
described in 6.2.
The hollow-cathode discharge was found to have 
certain undesirable features. V/ith the oscillating Fabry- 
Perot spectrometer intensity variations with time have 
been detected. These variations increase with discharge 
current. Further there appears to be anomalous intensity 
modification of the odd isotope components at large dis­
charge currents, a phenomenon also recently noted by 
Murakawa (1959). Both these types of intensity variation 
can be seen in figure 33. A hot hollow-cathode discharge 
has recently been described by Thorne and Robinson (i960) 
for uranium isotope abundance measurements secured with 
a pressure-scanned interferometer. However, the intensity 
in this source was found by them to vary v/ithin i 5?^  of 
the mean value during the first 30 minutes and within + 1 0 ^  
during a run of one hour. V/hile such variation makes 
this source unsuitable for accurate intensity measurement 
with pressure scanning, it is probably stable enough over 
the much shorter time required by the oscillating F.P. 
spectrometer, if the variation is a steady drift only as 
is claimed.
The high-frequency discharge is more stable and 
controllable and increasing the current to increase intensity 
does not affect the stability. Tolansky (1930) first
- 176 -
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showed that when pure mercury vapour is excited at low 
pressures by a high-frequency electrodeless discharge the 
line intensities are quite different from those of the 
arc spectrum. Lines involving upper singlet terms are 
enhanced and these include some lines in the red. In 
addition such a source is effectively free from Stark and 
pressure broadening and since the discharge tube runs cool 
the line width is effectively the Doppler width at room 
temperature. Such a source is good for hyperfine structure 
and isotope shift studies. The À6123 line 
5d^ 6s^ 6p ^D^ 6s 7s
is particularly enhanced in intensity in the high frequency 
discharge. This line exhibits a large isotope shift effect 
and its structure was first studied by Tolansky (1931) who 
resolved eight components. In the present work the dis­
charge was excited by a 26 M c/s, 250 watt oscillator, 
in a pyrex tube, the discharge system being thoroughly scre­
ened to prevent interference with the electronic circuits. 
Various types of discharge tube were investigated 
(Plate 10), both pyrex and ffused silica. After a short 
time an opaque film formed on the tube wall and greatly 
reduced the transmission. This film resisted all attempts' 
to remove it except near the earthy side of the discharge 
where it could easily be removed by gently heating with a 
small gas flame, with the tube under vacuum. This obser­
vation lead to the design of tube illustrated in figure 34,
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which is the type of tube finally used. The tube was 
35 cm long and 1 cm internal diameter and the direction 
of pumping flow and the position of the earth electrode 
is such that the end window remains practically free from 
deposits, any small deposit being removed by gently heating 
as described. A is a cylindrical brass electrode separated 
from the pyrex tube while B is a foil electrode v/rapped 
round the pumping limb. A sealed of]^  baked out tube was 
also tried but it was found that the best results were 
obtained by continuous pumping with a mercury diffusion 
pump and a liquid air trap. No carrier gas was employed 
and the discharge ran in pure mercury vapour at a maximum 
pressure of 10"" mm Hg, as measured by a Pirani gauge unit 
quite close to the pumping outlet of the discharge tube.
The spectrum is quite strong especially in the red and 
if sufficient mercury vapour is present in the discharge 
tube, no impurity bands are present in the discharge 
spectrum (examined with a Hilger constant deviation spec­
troscope). The discharge is very steac^in intensity, runs 
cool and the line width corresponds to the Doppler v/idth 
at room temperature. No attempt was made to cool the 
discharge since the source width was not a serious limiting 
factor.
Several pen-recorder traces of X 6123 were made, 
the detector being the tri-alkali cathode photomultiplier
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which is sensitive up to 8500 A. The signal-to-noise 
ratio at 6123 i was good« The silver film for the inter- 
feromeber had 95^ reflectivity in the green with a trans­
mission of 3.4^. Figure 35 shows a pen-recorder trace of 
X 6123 using an interferometer separation of 6.388 mm.
The finesse of 25 corresponds to a free spectral range of 
782.7 millikaisers and a resolving limit of 31 millikaisers.
The procedure for obtaining such a spectral trace 
was as follows. The intaferometer was adjusted for paral^ 
lelism using the A 5461 mercury line of a Cooper Hewitt 
lamp placed behind the aperture A^ (figure 11). The 
spectral profile of this line was then observed on the 
oscilloscope screen and the optical train adjusted for 
optimum conditions. From previous experience it was known 
when the spectrometer was in best adjustment with this 
source and line. The Cooper Hewitt lamp was then swung 
out of the system and the high-frequency discharge struck. 
Still using the A 5461 line the position of the discharge 
tube was adjusted for maximum luminosity using the oscil­
loscope trace as a monitor. The discharge conditions, 
in particular the oscillator output and the pumping speed, 
were then varied until the best spectral profile was 
obtained, for the A 5461 line first and then for the \ 6123 
line by rotating the prism of the monochromator. If 
necessary the exit aperture of the monochromator was
181
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adjusted so that the line was completely isolated from 
neighbouring lines. Thus the optimum conditions could 
be easily and quickly obtained beforeswitching over to 
the pen—recorder scan. Betv/een pen-recorder traces the 
spectrum was usually quickly monitored on the oscilloscope 
again to ensure that the interferometer and the discharge 
were still in cptimum adjustment. This facility for monitr-. _ 
oring the actual line profile while the various adjustments 
are being made enables the spectrometer to be used at 
maximum efficiency with the minimum of effort and time.
Ten traces of the A 6123 line were made in a total time 
of 20 minutes. The discharge apparatus is shown in 
Plate 12, and it can be seen how easy it is to control the 
discharge conditions using the oscilloscope monitor.
The line width of the source is easily estimated 
from the trace. The maximum étalon finesse is 27 at 
X 5461 and an average good finesse is 25* This becomes 
27 for X 6123. The scanning finesse was 100 and the effect 
of this can be neglected so the instrumental profile is 
broadened by the source from a finesse of 27 to one of 25 
at a free spectral range of 782.7 millikaisers. From the 
curves giving s/e as a fuction of e/s@e (figure 23h), and 
assuming the source function to be Gaussian, the ratio s/e 
equals 0.3, 0.4 or 0.7 according as E has the limiting 
forms Airy, Gaussian or rectangular. Assuming E to be
” 183 -
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intermediate in broadening between the Airy and rectangular 
forms as in 6.2.2. gives s/e = 0.5 and since e = 31 milli­
kaisers s = 15.5 millikaisers. The Doppler width of this 
line at 300^K is 15 millikaisers, so that the source width 
is mainly Doppler and there is very little pressure or Stark 
broadening, as expected. Cojan and Giacomo (1959) report 
a width of nearly 33 millikaisers for A  8123 from a high 
frequency discharge in a small silica tube containing 
mercury and argon at a pressure of 0.2 mm Hg.
Finally to test the stability of the source the 
scanning time was increased to 5 minutes, but no detectable 
variation was found. Clearly the source is stable to 0.5^ 
over this period. There was a long term variation in 
intensity due to a gradual decrease in the transmission of 
the end window, as already described,- but, of course, this 
had no effect on scans of one minute duration.
7.3. Evaluation of abundance ratios.
Figure 36 shows the result of the analysis of the 
y\ 6l 23 line profile, tv\^o spectral traces being used in the 
analysis to eliminate errors. This analysis could be 
carried out quite accurately as the instrumental profile 
was already known for /\ 5461 (figure 26(a)). As the 
recorded ^  6123 line width is only 8fo greater than the 
computed instrument width, there was little error in using 
the /\ 5461 instrument profile to obtain the intensity zero
-  1 8 ^
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level from the well resolved ^oo component. The line 
profile of the ;^ oo component was then used as a model in 
carrying out the curve fitting. It was found convenient to 
have a series of such line profiles of varying heights.
The linearity of the intensity and wavelength scales 
permitted accurate location of the incompletely resolved 
components and in most cases there was no ambiguity.
As a check on the accuracy of the curve fitting 
and in the subsequent determination of the component inten­
sities, the wave,number differences were also computed. The 
values obtained are given In table 3, where they are com­
pared with the results recently obtained by Cojan and 
Giacomo (1959), who used a pressure-scanned interferometer, 
and by Murakawa (1959) using the photographic plate 
method.
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Table 3 Hyperfine structure of the 6123 -2. line, of Hgl.
Separations in millikaisers from Hg 202 component.
Oscillating P.P Cojan & Giacomo 
(1959)
Murakawa
(1959)
204 210.5 211.8 209
202 0 0 0
200 -211.5 -211.8 -213
198 —400 -400 —407
199
(X -825 -824 -826
-676 -675 -677
Ï 251 248 250
201
a -737 -735 -749
b -721 -720 -736
c —382 -384 -391
d -343 -384 -350
e (329) not observed -338
f 184 176 175
g 281 276 272
h not observed not observed 312
In the present determination the most accurate values
are for the 204, 202, 200, 198, 199 ^  , 199 ^  , :201 d and
201f components which were completely resolved A measure
of the accuracy obtained is the good agreement with the
measurements of Cojan and Giacomo, who also used curve 
fitting and also with the data of Murakawa« Such an
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accurate curve fitting would be much more tedious, if at 
all possible, with the photographic plate method than 
with the linear fringe system of the scanning F.P. spectro­
meter. Normally several different interferometer separ­
ations have to be employed with the photographic method 
to locate accurately all the componentso
From Table 3 it would appear that the photographic 
method approaches in accuracy the photoelectric method 
in wavenumber difference measurement, but the labour 
involved is very much greater. However, the oscillating 
F.P. spectrometer is much faster than the pressure scanned 
instrument of Cojan and Giacomo and in intensity measure­
ment this difference in speed of recording is an important 
factor in the accuracy of the values obtained.
The mercury isotope abundances are directly 
obtainable from figure 36,, and table 4- gives the percentage 
abundances derived from the trace analysis compared with 
the accepted mass spectrometer values.
Table 4 . Comparison of Isotope Abundance Values.
Isotope 198 199 200 201 202 204
Oscillating F.P. 10.1 16.9 23.2 13.2 29.6- 6.85 per cent
Mass Spectrometer 10.02 16.84 23.13 13.22 29.80 6.85 per cent
The measured intensities of the isotopic components agree 
closely with the mass spectrometer values, the r.m.s.
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deviation being less than 0.5^ of the percentage abundance. 
To test the reproducibility of the intensity ratio measure­
ments the ratio of the 202 and 200 isotopes was found from 
ten separate recorder traces. The values are given in 
table 5.
Table 5 . Ratios of 202 and 200 isotopes for different 
recordings.
Trace No. I 2 I L S  6 1 & A /6) Meon
Ratio m  J -3 U  I - ^ o  I ' M  l ' 3 f o  / - 2 S é
P)0YiationO’f3/-2! O-ocx O 'C o t O'CcS oocé O'OO^ O ^ O Ô ^ O 'C // O^OO/f. O*0oV
(from the mean)
Table 3 gives the value 1 .286 ± 0.003 r.m.s. deviation for
the ratio with a r.m.s. deviation for a single measurement
of i 0.009, i.e. ± 0.7^, correspcrding to a É 0.5?^  error
in the intensity value if the fractional error in the
  — 1
ratio is given by F = J F^ ^  + iFg^ , where F-j and F2 are 
the fractional errors in the intensity values and are 
assumed equal. By taking ten traces, in a total time of 
less than 20 minutes, the r.m.s. deviation in the ratio 
is reduced to i 0.2^ corresponding to i 0.14^ of the 
intensity values. The v/orst deviation in table 5 is
0.014 which is nearly f^o and is accounted for by an error 
of 0 .5?^ in both of the intensity values.
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The oscillating P.P. spectrometer thus provides 
an accuracy in the determination of isotopic ratios 
exceeded only by the more refined gaseous-source mass 
spectrometers, while having the advantages of speed, 
simplicity of operating procedure, cheapness of capital 
and maintenance costs and, most important of all, it does 
not suffer from "memory” effects.
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DISCUSSION.
The oscillating Pabry-Perot interferometer has 
been demonstrated to be a reliable and accurate high 
resolution spectrometer with the advantages of simplicity 
and speed in operation. In particular accuracy and 
reproducibility in spectral intensity measurement are 
easily obtained as shown by the mercury isotope abundance 
values. The study of rapidly varying phenomena has also 
been demonstrated and since only a point source is needed 
spatial as well as temporal variations can be examined.
The system is suitable for low resolution scanning also.
Other uses for the instrument suggest themselves. 
Since the output information is in the form of an A.C. 
signal, the interferometer could be used under remote 
control conditions as in an earth satellite and the parallel 
movement could be easily miniaturized for such a purpose. 
Extension to the vacuum ultra-violet would be possible with 
the use of aluminium reflecting layers on lithium fluoride 
plates. The use of "clarified" layers would halve the 
polishing difficulty if suitable materials for this spectral 
region could be found. Such layers (Shkliarevskii and 
Avdeenko 1959) reduce the reflection at the metal-substrate 
surface and if the interferometer layer facing the observer 
is "clarified" the zero ray is removed and a reflected
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Pabry-Perot fringe system becomes identical with the 
interference pattern observed in transmitted light. Thus 
only one interferometer plate need be lithium fluoride 
since the second plate could be covered with an opaque 
reflecting film. Copper and gold seem likely materials 
for clarifying aluminium layers in the blue region of the 
spectrum but much work has still to be done.
The method of use as a refractometer to measure, 
for example, the indices of gases in Cerenkov counters 
would be similar to the measurement of wavenumber differences 
directly on the oscilloscope. The monochromatic line profile 
would be centred on the oscilloscope screen and the order 
change corresponding to the change in refractive index of 
the gas between the plates could be obtained by measuring 
the bias current required to return the pattern to its 
original position. Rapid variations in refractive index 
could be followed and measured in a similar manner.
Two movements with the appropriate relationship 
between the driving currents could be used in tandem to 
give the advantage of the greater free spectral range of 
the double Pabry-Perot interferometer.
A spectrometer of the same design is being con­
structed at Imperial College (Stephens) to investigde the 
fine structure of the Rayleigh line in light scattered 
from a liquid.
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Appendix. Phase changes in oscilloscope recording.
The effects of phase changes in intensity and 
wavenumber signals for oscilloscope recording can be easily 
computed. The spectral profile can be regarded as a function 
of time Z(t), or as a function of interferometer separation 
2(d) (d is now the separation to avoid confusion with time 
t). The value of dvaries sinusoidally between the values 
d o - d ,  i.e. d = d o i  - Considering 2 as 2(t) the
Pourier expansion is
^ \ j -t- t Ç Cllïi ) (L)
where tg is the repetition time of the spectral profile.
If d = do for t = 0 then d = dç ± ^  Sin wt (ii).
Let the total phase change, including both mechanical and 
electrical phase changes, in the wavenumber circuit be S 
'and that in the spectral intensity circuit be for the
n th harmonic of 2, i . e « on the oscilloscope trace
Alt + s') ( hO
y / L  = L  a  ( 1 "  ? - ^  ^  -t- t  Q v )
where jè" depend on the oscilloscope sensitivities.
From (i) and (ii) t  = ( ' w ) ® ‘*'
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From (iii) and (iv) .
c 4'/ur)
y/k = ^ (^ZMTr/tTo)(4r s^ " '(3/^) "
A ^
+ Ako + X  b,, CrOg-TT-^/WC-b- S4w'> 6^/(|)- Vur) +
(vi)
But x / g  = {d~‘^o)jo( so the oscilloscope recorded curve 
y(x) will have the same form as the spectral profile Z(d - dg ) 
if
ari'Tr/c<,)[î'/WSuv'Y^/^) .
(m = integer).
I.e.
i.e. I y\
This condition is satisfied if any phase change in 
the spectral intensity circuit is proportional to the fre­
quency and if the phase change in the wavenumber circuit 
equals that of the intensity circuit for the first harmonic 
component of the Fourier series expansion of Z(t).
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The rapid  m easurem ent  of spectral intensity with an 
oscillating F ab ry -P e ro t  spectrometer: isotope 
abundance  in mercury
B y  D .  J .  B r a d l e y ^
Physics Department, Royal Holloway College 
(University of London), Egham, Surrey
(Communicated hy S. Tolansky, F.R.S,—Received 27 January 1961—
Read 8 J%ine 1961)
A higli-resolutioii photoelectric spectrometer em ploying a m echanically scanned F ab ry-  
Perot interferometer is described. The spectrometer produces high-finesse spectral profiles 
continuously and rapidly at repetitive frequencies of up to 1000 c/s corresponding to a tim e 
resolving lim it o f 4/xs for a scan of 5 orders. The display is on an oscilloscope or a pen- 
recorder function-plotter.
The instrum ent has been tested  with the high-frequency discharge spectrum  of mercury. 
Single in tensity  m easurem ents are reproducible to better than 0-5%. The w avelength  
scale is linear to 0-5% over an order and can be corrected to four tim es th is accuracy. 
Hyperfine structures agree well w ith recent determ inations which use both pressure scanned  
and photographic F abry-P erot system s. The mercury isotope abundances have been  
obtained from the spectral in tensity measurements agreeing well w ith mass-spectrom eter 
values. The r.m.s. deviation for a single determ ination is less than 0-5% of the percentage 
abundance.
Possible applications to rapidly varying phenom ena in gas discharges and shock waves, 
the determ ination of refractive indices and extension to the ultra-violet region for spectro­
scopy from an earth satellite are briefly considered.
1. I n t r o d u c t i o n
The optical principles of an oscillating Fabry-Perot spectrometer have been dis­
cussed and the results obtained with a prototype instrument have been described 
in a symposium at the National Physical Laboratory in 1959 (Tolansky & Bradley). 
Earlier Jacquinot & Dufour (1948) used a pressure scanning system with the 
Fabry-Perot instrument employing an extended source giving a Haidinger fringe 
pattern. They used a circular scanning aperture at the centre of the rings in front 
of a photoelectric detector. This system has since been improved. Pressure scanning 
however has serious disadvantages. At low plate separations the range scanned 
may not be sufficient. Light is lost at the extra windows. For intensity measure­
ments a more serious disadvantage is that the spectral scan must necessarily be 
slow to avoid heating effects so that any source variations with time lead to inten­
sity measurement errors and conversely rapid changes cannot be followed. Simi­
larly changes in the interferometer itself during the time of scan also lead to errors 
in intensity values.
The spectral profile can also be scanned by slowly varying the separation of the 
interferometer. W ith such scanning a difficulty is to keep the plates parallel to the 
necessary high degree of accuracy, but the advantages of mechanical scanning are 
such that several efforts to overcome the parallel movement problem have been
* Now at Imperial College, London, S.W .7.
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tried. However these were all slow scanners, with the one exception, that of Gobert 
(1958) who used a mechanical vibrating system but with poor finesse. All these 
other systems also suffer from defects being affected by temporal changes in the 
source and in the interferometer, and mechanical and hysteresis effects affect the 
wave-number scale accuracy (Chabbal & Soulet 1958).
The present work began with the aim of designing and building a photoelectric 
Fabry-Perot spectrometer capable of producing liigh-resolution spectral line 
profiles continuously and rapidly. The resulting instrument appears to be the first 
permitting a high-finesse spectral profile to be rapidly and continuously scanned. 
The scanning is achieved by mechanical movement, the profiles being displayed on 
a cathode-ray oscilloscope screen or a pen-recorder. A high-frequency spectrum of 
mercury has been used to test the system and the hyperfine structures obtained 
are compared with the results of recent investigations using a pressure-scanned 
interferometer and the photographic plate method. Single intensity measurements 
are accurate and reproducible to better than 0-5% and thus approach the limit 
set by the recording apparatus. Such accuracy in intensity measurement associated 
with high speed of recording enables the spectrometer to be used for isotope abund­
ance determinations. The abundances determined for mercury isotopes from resolved 
hyperfine structures agree closely with the standard mass-spectrometer values. 
The wavelength scale is also linear to 0-5% and can be readily calibrated to an 
accuracy four times better than this. Thus besides greatly increasing the speed of 
measurement and allowing rapidly varying phenomena to be studied, the oscillating 
Fabry-Perot spectrometer makes possible the measurement of spectral intensity 
with high resolving power and with high accuracy.
2. P r in c ip l e
As used classically, ring fringes of equal inclination from an extended source 
are produced m th  a Fabry-Perot interferometer, the étalon behaving as an angular 
filter. With the photographic method hyperfine structure and intensity ratio 
measurements require computations and calibrations and, in particular, the in­
tensity determinations are not very accurate (Tolansky 1947). When used in photo­
electric spectrometry the interferometer is used as a linear wavelength filter. The 
photographic plate is replaced by a photoelectric detector and the wavelength 
transmitted is varied by a variation of the optical path. This variation can be 
secured either by slowly altering the pressure of the air between the plates, thus 
changing the refractive index, or by mechanically varying the plate separation. 
The latter method is adopted here. With the use of a point source to give parallel, 
normal, incident light, all the transmitted light is focused by a collecting lens on 
to the detector. An incidental advantage of this arrangement is that ghost fringe 
complications due to reflexions at the non-silvered faces do not appear.
3. T h e  s p e c t r o m e t e r  
The parallel movement
To retain the advantages of linearity in dispersion and in intensity the wave­
length scale must be linear and the finesse constant throughout the spectral trace.
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The linear properties of electromagnetic and elastic forces and the translatory 
movements of parallel spring systems have been exploited to this end. Figure 1 
shows the oscillating mount. The moving plate E  is mounted on a Durai platform 
Pj which is supported by four thick phosphor-bronze springs, S, rigidly clamped 
to Pj and the basal platform Pg. A moving-coil vibrator is in contact with P  ^at A 
and causes E  to move parallel to itself. The fixed étalon plate is mounted inside 
a Durai cylinder (7, with its separation from E  controlled by the thickness of the 
invar spacer B, These spacers are worked nearly parallel, final adjustment for 
parallelism being obtained by varying the pressure exerted by three spring-loaded 
rods P. The étalon plate is pressed against three pips in the steel annular retaining
F i g u r e 1. The parallel movement.
plate with the spacer and rod contacts in line with these pips to prevent bowing of 
the interferometer plate. The mount is placed on an anti-vibration table of the 
Haringx (1947) type. The table has a natural frequency of 3 c/s and the higher- 
frequency vibrations normally transmitted through a building are not passed by 
the spring system. The table is damped relative to a spring-mounted auxiliary mass 
so as to reduce the amplitude of the natural frequency vibrations, any remaining 
low-frequency disturbance noise signals being filtered out in the later electronic 
circuits.
The departure from parallelism for the central 2 cm of the flats was found to be 
A/17 over a total movement of 53 orders on one side of the zero spring position 
which corresponds to a departure of A/900 per order. Fabry-Perot plate flatness 
is rarely better than A/80 so that 26 orders could.be scanned before the departure 
from parallelism became of the same order as the non-flatness of the plates them ­
selves. Jones & Young (1956) have shown that the departure from parallelism of 
such a spring system is proportional to the square of the spring thickness. The 
springs used in testing the movement were 0-125 in. thick, but springs of half this 
thickness have been successfully used in the parallel movement and it is possible 
to scan over 100 orders. Scans of this magnitude are not practicable with pressure 
variation.
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The scanning and recording system
Light from the interferometer was focused on the slit of a Hilger E 478 spectro­
graph, the photographic plate being replaced by a photomultiplier tube. The 
advantage of placing the monochromator after the interferometer is that the 
decrease in the collecting solid angle at higher resolving powers is achieved by 
reducing the effective area of the interferometer plates. Figure 2 is a block diagram 
of the circuit. Tln-ough the moving-coil vibrator is passed a sinusoidal alternating 
current with a constant value bias current or, when the pen function-plotter is 
used, a slowly varying direct current. The slow scanning current is derived from 
a motor-driven potentiometer and a low-frequency oscillator provides the oscillating 
voltage. These voltages are converted into driving currents by a cathode follower
o.KP.
\ /
c.r.o.
v ib rator
d.c.
scan
photo­
m ultiplier
o sc illa to r
plotter
function chopper
amplifier
low-pass 
filter
phase and  
am plitude 
controls
F i g u r e 2. Block diagram of the scanning and recording system.
current amplifier, a current of 12 mA per order being required. The cathode load 
is an Anderson bridge circuit one arm of which is the moving coil of the vibrator 
and this permits the simultaneous use of the oscillating current and a direct current 
bias from an accumulator bank, without interference between the two sources of 
supply. By changing the direct current bias the zero position of the moving plate 
may be slowly altered even while it is oscillating and thus the spectral profile may 
be centred on the oscilloscope screen. This provides a method of measuring wave­
length differences quickly. By taking the centre of the screen as a fiduciary mark 
and measuring the current required to scan one order i.e. bring the fringe back to 
its original position on the screen again, the wavelength difference can then be 
determined by comparing the current required for the displacement of the required 
fraction of an order with this whole-order current.
Part of the driving voltage is tapped off to provide the wavelength scales of the 
oscilloscope and the function-plotter and the photomultiplier pro vides the intensity 
scale voltages. The phase controls are necessary to ensure that the forward and
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return oscilloscope traces coincide. When the function-plotter is being used the 
photomultiplier signal is amplified, if necessary, by a chopper amplifier with co­
herent detection. The input signal is chopped by a Carpenter relay at 60 c/s, so low- 
frequency vibration noise signals are not passed, and after coherent detection the 
signal is smoothed by a resistance capacitance network with a time constant of
0-4 s to match the time constant of the pen recorder. The low-pass electronic filter 
in the oscilloscope circuit has a band width of 2500 c/s and was designed so that no 
distortion of the harmonic components occurred at frequencies below 1000 c/s.
F i g u r e 3. Hyperfine structure o f A 5461 of Hg i.
The moving platform is conveniently oscillated at 7 c/s. The frequency was kept 
low to reduce the band width required in the low-pass filter and so increase the 
signal/noise ratio. The oscillation is quite steady and any phase shift between the 
driving current and the movement is constant and easily allowed for with a resist- 
ance-capacitance phase-shifter circuit. I f  the return trace on the oscilloscope 
is to coincide with the forward trace a pure sinusoidal wave form is required for 
the driving voltage.
4. T h e  m e a s u r e m e n t  o f  h y p e r f i n e  s t r u c t u r e  
The well-known hyperfine structure of the 5461A line of H g i was used for test 
purposes, in particular to test the linearity of the wavelength scale. Figure 3 
shows two orders of a trace of the 5461A line (Cooper Hewitt lamp) with the 
minimum available interferometer spacing. A trace of four orders of this line was 
made and the distances between orders for the different components, e.g.
C^Cg, etc., in figure 3, were measured and a plot made of these order distances as 
a function of position on the trace. For a linear trace such a graph should have zero 
slope. From the plot it was found that the wavelength scale was linear to 0-5 % 
over a complete order and proportionately better for fractions of an order. The
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scale can be calibrated to four times this accuracy, which corresponds to the accuracy 
with which the centres of the fringes can be located. A calibration, to be better than
0-5 %, is easily carried out as the trace was found to fit a relation x =  /^ oy +
where x is the distance measured on the trace along the wavelength axis, y is the 
fraction of an order measured from the beginning of the trace, is the length of 
the first order and kg is obtained by substituting the value of a; for y =  1. The 
correction relation includes any non-linearity due to the function-plotter but tests 
made show that the departure from linearity is mainly due to the non-uniformity of 
the magnetic field of the moving-coil vibrator, so that linearity should be improved 
by using a vibrator with a more uniform held. When first used the movement was 
mounted with the platforms horizontal and gravitational forces introduced an 
additional non-linear effect. This was eliminated by mounting the parallel movement 
on its side. The limiting factor in wavelength measurement then becomes the 
accuracy in locating the fringe centres. The accuracy in measurement here is 
±0-25 mm and with order separations of 18 cm this corresponds to 0T4%  of an 
order. In obtaining the value of the minimum separation, the A  and C components 
of Hg 5461A were used. Agarbiceau ef al. ( i960) and Blaise & Chantrel (1958) give
1-0749 and 1-0754 cm~^, respectively, for this. With 1-0752 cm~^ taken as the mean, 
the minimum separation was obtained by measuring the order fraction for these 
two components from ten separate traces and taking the mean. The value obtained 
was 0-6276 ± 0-0009, corresponding to a value of 2-919 + 0-004 mm for the minimum 
separation. This r.m.s. error of ± 0-14 % is in fact twice the accuracy with which 
the fringe centre could be located.
Thus wavelength difference measurements have a 0-4 % error for a single trace 
with a reproducibility of 0-14 % for ten traces. The average finesse of the ten traces 
used was 25 so that the wavelength error for a single measurement corresponds to 
one-tenth of the resolving limit and the reproducibility is such that the r.m.s. error 
of ten measurements on separate traces is one-thirtieth of the resolving limit.
5. O b s e r v a t i o n s  o n  A 6123 (Hg i)
Tolansky (1930) first showed that when pure mercury vapour is excited at low 
pressures by a high-frequency electrodeless discharge the line-spectrum intensities 
are quite different from those of the arc spectrum. Lines involving upper singlet 
terms are enhanced and these include some lines in the red. In addition such a 
source is effectively free from Stark and pressure broadening and, since the discharge 
tube runs cool, the line width is effectively the Doppler width at room temperature. 
The source is good for hyperfine structure studies. The 6123 A line
( 5 c P 65  ^6jt9 —> 65 75 ^/8i)
is particularly enhanced in intensity in the high-frequency discharge. This line 
exhibits a large isotope shift effect and its structure was first studied by Tolansky 
(1931) who resolved eight components. In the present work the discharge was 
excited by a 26 Mc/s 250 W oscillator in a Pyrex discharge tube at a pressure of 
lower than IQ-^mm Hg, maintained by continuous pumping. No attempt was 
made to cool the discharge since the source width was not the limiting factor.
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Several recorder traces of the 6123 A line were made, the detector being a tri­
alkali cathode photomultiplier (E.M.I. type 9558) with a cathode sensitivity of 
90 /xA/lm. This type of cathode is sensitive up to 8500 A and the signal/noise ratio 
at 6123 A was good. The silver films of the interferometer had 95 % reflectivity in 
the green with a transmission of 3 4 % and there was little change in these values 
after several months. Figure 4 shows a recorder trace of the 6123 A line for an inter­
ferometer separation of 6*388 mm. The finesse of 25 corresponds to a free spectral 
range of 782*7 mK, a resolving limit of 31 mK and a source width of less than 
16 mK. Before these traces were recorded the interferometer and the discharge were
F i g u r e 4. A 6123 line of H g i. Separation 6*388 mm. Finesse 25.
adjusted by using the oscilloscope as a monitor. This monitoring of the actual 
line profile greatly facilitated the obtaining of optimum conditions. The time for 
recording such a trace was 1 min.
Figure 5 shows the result of the analysis of the 6123 A line profile, two spectral 
traces being used in the analysis to eliminate errors due to noise, the level of which 
was quite low. This analysis could be carried out quite accurately by securing first 
the instrument profile, figure 6, from a Hg 198 isotope lamp. This course was water 
cooled and the 5461A line has a half-width of about 20 mK which corresponds to 
a source finesse of 86. The scanning aperture width was equivalent to a finesse of 
130 so both of these sources of line-profile broadening could be neglected in com­
parison with the instrument broadening effect. The limiting factor here is the 
departure from flatness of the plates amounting to A/60 over the region used and 
being of spherical curvature in form. The reflectivity of the silver films was 
95*6% in the orange-red compared with 95% in the green, and for these values 
the variation in the instrument profile for the two wavelengths can be neglected 
(Chabbal 1953). Any continuous level of background, such as that due to scattered
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light in the monochromator will have no effect on the trace analysis since the 
photomultiplier is a linear detector.
The wavelength values obtained are given in table .1, where they are compared 
with the results recently obtained by Cojan & Giacomo (1959), who used a pressure- 
scanned interferometer, and by Murakawa (1959) using the photographic plate
method.
198 c d{e)202 ab (5 f  204 7 g a 202200
F i g u r e 5. Hyperfine structure and isotope shift of A 6123 of H g i.
In the present determination the most accurate values are for the 204, 202, 200, 
198, 199/ ,^ 199y, 201d and 201/  components which were completely resolved. The 
positions of the other components were derived from the intensities and shapes of 
the compound curves since the instrumental width is known. As the recorded line 
width is only 8 % greater than the computed instrument width, there was little 
error in using the known instrument profile to obtain the intensity zero level from 
the well-resolved 200 component. The line profile of the 200 component was then 
used as a model in carrying out the curve fitting. It was found convenient to have 
a series of such line profiles of varying heights. The linearity of the intensity and 
wavelength scales permitted accurate location of the incompletely resolved com­
ponents, and in most cases there was no ambiguity. A measure of the accuracy 
obtained here is the good agreement with the measurements of Cojan & Giacomo 
(who also used curve fitting), and also with the data of Murakawa. Such accurate 
curve fitting would be much more tedious, if  at all possible, with the photographic 
plate method than with the linear fringe system produced here. It would appear 
that the photographic method approaches in accuracy the photoelectric method in
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wavelength measurement but the labour involved is very much greater. However, 
the oscillating Fabry-Perot spectrometer described here is much faster than the 
pressure scanned instrument of Cojan & Giacomo. In intensity measurements this 
difference in speed of recording is an important factor in the accuracy of the values 
obtained.
F i g u r e 6. Instrument profile A5461). Finesse 27. Two orders.
T a b l e  1 . H y p e r f i n e  s t r u c t u r e  o f  t h e  6123 A l i n e  o n  H g  i
Separations in millikaisers from H g 202 component
Cojan & Giacomo Murakawa
oscillating F .P . (1 9 5 9 ) ( 1 9 5 9 )
204 210-5 211-8 209
202 0 0 0
200 -2 1 1 -5 -2 1 1 -8 -2 1 3
198 - 4 0 0 - 4 0 0 - 4 0 7
199a - 8 2 5 - 8 2 4 - 8 2 6
P - 6 7 6 - 6 7 5 -6 7 7
7 251 248 250
201a - 7 3 7 - 7 3 5 - 7 4 9
h -7 2 1 -7 2 0 - 7 3 6
c - 3 8 2 - 3 8 4 -3 9 1
d - 3 4 3 -3 8 4 ? -3 5 0
e (329) not observed -3 3 8
f 184 176 175
r/ 281 276 272
h not observed not observed 312
6 . I s o t o p e  a b u n d a n c e s  f r o m  i n t e n s i t y  r a t i o s
To control the separation of isotopes and to determine the isotopic composition 
of an element it is necessary to have sufficiently reliable and exact methods of 
isotopic analysis operating at maximum speed. The photoelectric spectral analysis 
method competes successfully with the mass spectrometer in satisfying such
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requirements. Indeed it is superior in some respects in that it does not suffer from 
‘m emory’ defects and can distinguish isobars without error. The line spectrum 
optical method is based upon the ‘isotope shift ’ in the hyperfine structure in which 
the spectral lines of the various isotopes of an element are displaced with respect to 
one another. I f  the resulting structure is sufficiently well resolved, then the isotope 
abundance is obtained directly from the ratios of the strengths of these components, 
allowance being made for overlap and provided a line is selected which is free from 
self-re versai. The optical method is now widely used having been developed' by, 
among others, Brody & Tomkins ( 1958) using a scanning grating as well as a pressure- 
scanned Fabry-Perot spectrometer, the method also used by Artoud, Blaise & 
Gerstenkorn (1958), Zhiglinskii, Zaidel & Chaiko (1958) and Thorne { i960). It is 
considered here than an oscillating Fabry-Perot spectrometer would provide better 
values of isotope abundances because of its speed of recording.
The measurement of intensity in hyperfine structures
In the measurement of spectral intensity by time sequential scanning the 
avoidance of time variations is an essential. In high resolution spectroscopy the 
hollow-cathode and the high-frequency discharge have often been used. The hollow- 
cathode discharge has certain undesirable features. W ith the oscillating Fabry- 
Perot spectrometer intensity variations with time have been detected. These 
variations increase with discharge current. Further, there appeared to be anomalous 
intensity modification of the odd isotope components at large currents, a pheno­
menon also recently noted by Murakawa (1959). A hot hollow-cathode discharge 
was recently described by Thorne & Robinson ( i960) and used for uranium isotope 
abundance measurements employing a pressure scanned interferometer. How­
ever, the intensity in the source was found by them to vary within ± 5 % of the 
mean value during the first 30 min and within ± 10 % during a run of 1 h. While 
such variation makes this source unsuitable for accurate intensity measurement 
with pressure scanning, it is probably stable enough over the much shorter scanning 
time required by the oscillating Fabry-Perot spectrometer described here.
The high-frequency discharge is more stable and controllable and increasing the 
current to increase the intensity does not affect the stability. The scanning time was 
increased to 5 min but no detectable variation was found. Clearly the source is 
stable to 0-5 % over this period.
Any deterioration in the parallelism of the plates leads to a reduction in the 
finesse and a consequent reduction in the fringe intensity. The interferometer has 
remained in adjustment for up to 2h. Since the time of scan is 1 min, clearly the 
stability is adequate.
To test the system the mercury isotope abundances were determined from the 
trace of the 6123 A line. This line is particularly suitable for this purpose as the 
isotope shift is large and the self absorption can be expected, from the term analysis, 
to be low and at any event it will be in the high-frequency discharge. Table 2 gives 
the percentage abundances derived here, compared with the accepted mass- 
spectrometer values. The measured intensities of the hyperfine structure com­
ponents agree closely s^fith the mass-spectrometer values. To test the reproducibility
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of the intensity ratio measurements, the ratio of the 202 and 200 isotopes was found 
from ten separate recorder traces. The values are given in table 3.
Table 3 gives the value T286 + 0-003 r.m.s. error for the ratio with a r.m.s. error 
for a single measurement of ± 0-009, i.e. ± 0-7 %, corresponding to a ± 0-5 % error 
in the intensity value if the fractional error in the ratio is given hy F  =  ^/(F| +  F |), 
where and F^  are the fractional errors in the intensity values and are assumed 
equal. By taking ten traces, in a total time of less than 20 min, the r.m.s. error in 
the ratio is reduced to + 0-2 %, corresponding to ± 0-14% of the intensity values. 
The worst deviation in the table is 0-014 which is nearly 1 % and is accounted for 
by an error of 0-5 % in both of the intensity values.
T a b l e  2 . C o m p a r i s o n  o f  i s o t o p e  a b u n d a n c e  v a l u e s  
isotope 198 199 200 201 202 204
oscillating F.P . (%) 10-1 16-9 23-2 13-2 29-6 6-85
mass spectrometer (%) 10-02 16-84 23-13 13-22 29-80 6-85
T a b l e  3 . R a t i o s  o f  2 0 2  a n d  2 0 0  i s o t o p e s  f o r  d i f f e r e n t  r e c o r d i n g s  
trace no. 1 2  3 4 5 6 7 8 9  10 mean
ratio 1-274 1-288 1-292 1-281 1-292 1-278 1-300 1-290 1-275 1-290 1-286
deviation (from 0-012 0-002 0-006 0-005 0-006 0-008 0-014 0-004 0-011 0-004 0-007
the mean)
The oscillating Fabry-Perot spectrometer thus provides an accuracy in the 
determination of isotopic ratios exceeded only by the more refined gaseous-source 
mass spectrometers while having the advantages of speed, simplicity of operating 
procedure and the cheapness of capital and maintenance costs.
Other uses for the instrument suggest themselves. Since the output information 
is in the form of an a.c. signal the interferometer could be used under remote control 
conditions as in an earth satellite and the parallel movement could easily be 
miniaturized for such a purpose. Extension to the vacuum ultra-violet would be 
possible. The time resolving-limit for the study of rapidly varying phenomena in 
gas discharges and shock waves can be obtained simply. At a scanning frequency 
of 1000 c/s, scanning five orders at a finesse of 25 would give, on the average, 4 /xs per 
line half-width, so that a line-profile could be scanned in 10/xs approximately.
The method of use as a refractometer to measure, for example, the indices of 
gases in Cerenkov counters would be similar to the measurement of wavelength 
differences on the oscilloscope, already described. The monochromatic spectral 
line profile would be centred on the oscilloscope screen and the order change corre­
sponding to the change in refractive index of the gas between the plates could be 
obtained by measuring the bias current required to return the pattern to its original 
position. Rapid variations in refractive index could be followed and measured in 
a similar manner.
Two movements with the appropriate relationship between the driving currents 
could be used in tandem to give the advantage of the greater free spectral range of 
the double Fabry-Perot interferometer.
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AN O S C I L L A T I N G  F A B R Y - P E R O T
I N T E R F E R O M E T E R
by
s. TOLANSKY and D. J. BRADLEY
WE have long been of the opinion that there are some optical advantages In 
using a Fhbry-Perot Interferometer In which one plate Is oscillated through 
a distance of the order of half a wavelength. Scanning systems with the 
Fhbry-Perot Interferometer have In fact already been proposed. Most of 
these are slow scanners. Thus Jaffe. ( r e f ,  l) proposes slowly rotating the 
Interferometer, chabbal and Soulet ( r e f ,  2) describe a micrometer screw 
method for moving one plate. Gobert ( r e f ,  3) reports on a mechanical oscil­
lating system (as In fact we use) but records rings only and In any case 
his Illustrated oscillograph pattern Is much Inferior to ours In terms of 
finesse and resolution. Rolg ( r e f , ^ ) describes a slow scan using a thermal 
expansion to move one plate, and Dupeyrat ( r e f ,  5) reports on a piezo effect 
method of control. Kuhn and Lu cas-Tooth ( r e f ,  6) use pressure change In the 
system but this Is necessarily slow (otherwise there will be adiabatic 
effects) and Is not efficient with very small plate separations.
We have exploited a simple mechanical oscillatory system, but one main 
object of this paper Is to draw attention to some optical advantages In 
using what are, strictly speaking, multiple-beam Flzeau fringes. Instead 
of Fabry-Perot circular rings. Previous authors do not seem to have con­
sidered this aspect. Here we describe In brief the advantages of such a 
system and show that we have already achieved a much higher degree of 
definition than seems to have been reported by others who also use rapid 
scanning. This Is a preliminary report for the experiments have only just 
been begun.
In our system we employ, not Fhbiy-Perot rings, but Flzeau fringes. The 
light source Illuminates a small aperture which Is at the focus of a lens.
A parallel beam falls at normal Incidence on to the Interferometer, behind 
which Is a collecting lens. At the focus of this Is a photo-multlpller 
tube. One plate of the Interferometer Is oscillated by means of a 
mechanical vibrator and this leads to variations of Intensity and therefore
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of output signal from the photomultiplier. The current from this Is ulti­
mately displayed on an oscilloscope and this then, as will be Indicated 
shortly, displays any structure In the light source.
OPTICAL ADVANTAGES
A Fhbry-Perot Interferometer with Its fringes of equal Inclination as 
normally used, with extended source producing ring fringes. Is nothing 
more than an angular filter. The system transmits light Incident at a 
series of discrete angles for which n Is an Integer In the relation n k  =
2t cos Ô, t Is constant and for one value k  we get of course a succession 
of rings. For two wavelengths k  and A. + d\ one sees separated rings with 
different 6 values for any value of n for the two wavelengths.
Now the system we employ here uses fringes of equal thickness for cos 6  
Is unity and t now varies sinusoidally from t to t ± NA./2. N need only lie 
between 1 and 2, Its actual value Is not Important. The system Is essen­
tially a linear uuvelength filter. For one wavelength K  the Intensity 
variation transmitted as t changes to t + A./2, goes precisely throu^ the 
familiar Airy distribution. I.e. the Ideal fringe shape of the correspond­
ing Fhbry-Perot system. If we have two wavelengths k  and X. + d\, then we 
get the corresponding displacement In the oscilloscope pattern and the 
structure Is revealed.
Now there are several very real optical advantages In the fringes which 
have not been appreciated by others. These are as follows.
1. Resolving power: In the Flzeau system Incidence Is normal and the fringe 
shape Is Independent of plate separation. Resolving power Is then propor­
tional to the silvering and plate separation, since all the multiple-beams 
are employed.
However, It Is not always realized that with the Fhbry-Perot rings the 
resolving power at large plate separations (when It Is most needed) falls 
off appreciably through loss of beams. When a beam at Incidence $ strikes 
the plates. It displaces laterally and this can lead to a surprising loss 
of Intensity of higher order beams through escape of light outside the 
edge of the plates. The lateral displacement of the (p + 1)^ beam Is
2p t .—
The angle 0 producing the m^^ ring Is, closely enough, 6 = thence
si t
for the m^^ ring the lateral displacement of the (p + 1)^^ beam Is 2p/mXt.
Taking as a practical case an Interferometer with plates of diameter 
5 cm and considering the 10th ring (m = 10) for the case of a plate separa­
tion t = 10 cm, then computation shows p = ^ 16 which means that all beams
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above the 16th are lost, since this beam already reaches the Interferometer 
edge.
This reduction In the number of beams leads to appreciable fringe broaden­
ing and can also produce spurious maxima. It Is a matter of common knowledge 
that Fhbry-Perot rings with big gaps are broader than one might expect and 
this Is one of the causes, a cause rarely appreciated.
Now with our Flzeau system, the light Is Incident normally, hence this 
particular defect does not e:^ lst and for big plate separations one can 
anticipate a nearer approach to theoretical resolving power than with the 
Phbry-Perot ring system.
2. Linearity in dispersion: Fabry-Perot rings, of course, obey a parabolic 
law. Thus either complete ring diameters need to be measured, or the ring 
centre has to be computed, or approximations have to be adopted to reduce 
computational labour (see Tolansky (ref.?)}.
One striking advantage of our new system Is that there Is a linear dis­
persion within the fringe pattern. As long as the oscillation Is sufficiently 
closely sinusoidal the fringe pattern dispersion Is linear. We have then the 
possibility of very accurate measurement of wavelength (or wave-number) 
dlfferences.
3. Linearity in intensity: Of perhaps more value Is the linearity In
Intensity given by our new system, as compared with the regular variability
In Fb-bry-Perot rings. The simpler theory of the Fbbry-Perot system leads to 
alt orders having the same Intensity. Any photograph of thë fringes shows 
that this Is In fact not the case. Thus It Is clear that this Is due to two
factors. One Is that the further one moves away from the ring centre (the
bigger the value of the more beams are lost by the finite aperture of the 
plates. Second, the bigger the value of ^  the more the effective collecting 
aperture Is reduced, being of course proportional to cos 6 . On both grounds 
therefore the Intensity In the rings falls off the further one moves away 
from the centre of the system.
Since Incidence Is normal for our newer fringes, these defects are once 
more eliminated. Of course the display here of the real Intensities as 
recorded by the photomultiplier. Is by Itself an enormous step forward 
beyond classical photographic mlcrodenslty measurements for Intensities.
4. Source wavelength variations: The ring pattern of the Fbbry-Perot requires 
an extended source and any ring arises from all ll^t Incident at angle 0.
If light Is condensed Into the Interferometer then the ring pattern Is an 
Integration from the source and If there are local source variations In 
wavelength, width or structure (pole effects, local reversals, etc.) these 
all lead to an Integrated broadening. With parallel beam systems of
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Illumination (still requiring an extended source) there Is, It Is true, 
point to point correspondence between source shape and final ring pattern. 
But any local wavelength variations then lead to distortions from the 
perfect circle In the ring pattern. Now such effects are, first, notoriously 
difficult to measure or even to detect and, second, may even be confused by 
any possible geometrical lens distortion effects which optical systems can 
produce, even on truly circular rings.
With our system merely a small local region of the source can be under 
examination at any time and the whole source Image can In fact be easily 
scanned across the first aperture. Thus local changes are more readily 
detectable. Fhrther, the use of a small aperture at the focus of the 
collimator lens entirely eliminates secondary Images (see Tolansky ( r e f , ? ) ) .
EXPERIMENTAL
The Interferometer has one fixed and one moving plate. The latter Is 
mounted on a brass tube and moves parallel to Itself on four stiff phosphor 
bronze strip springs. The dimensions of the springs and the moving platform 
are such as to eliminate any deflections from parallel movement. Oscillation 
Is simply secured by attachment to a Goodman type V47 electrically excited 
mechanical vibrator. The vibrator Is excited at 100 cycles from an oscillator 
and a fraction of the oscillator voltage Is taken off and used as the X 
deflection of an oscilloscope. The response from the photomultiplier (an 
R.C.A. 931 A tube) Is used as the Y deflection. A block diagram of the 
apparatus Is given In f i g u r e  1,
FR
\ f
C.RO.
verticalhorizontal
deflection
plate
deflection
plate
vibrator photomultiplier
oscillo to r power
amplifier
phase and 
amplitude 
controls
F lg . l .  Block diagram of the complete v ib ra t io n  apparatus,
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Merely for testing the technique we have examined the 5461 line from a 
D.C. Cooper Hewitt type mercury lamp. This was deliberately under run (with 
a choke In the circuit) to ~1.5 amperes. It Is of course still a very bright 
source. However we are confident from the response of our photomultiplier 
that we have an Intensity factor of at least x 10,000 In hand and thus 
could still operate the system on a very much weaker source.
Now the natural llne-wldth from such a source Is considerable, hence to 
test the validity of performance of the technique It was clearly obvious 
that a small Interferometer plate separation should be used In the first 
Instance. This Is equivalent to shrinking the line width and we are then 
testing the system on Instrumental fringe width only. If the response Is 
good the fringes should have a shape determined by the reflecting coeffi­
cient of the Interferometer plates.
We believe that parallelism of movement Is adequate for
(1) variation of aperture does not noticeably affect fringe shape In 
the oscilloscope
(2) the return sweep In the oscilloscope coincides exactly with the 
forward trace
(3) the observed resolution agrees with that computed from reflectivity 
and plate separation.
At this preliminary stage In the Investigation we have merely made 
observations on two Interferometer plate separations (2.5 and 9 mm).
Further, to show how a hyperfine structure might be resolved we have 
applied a magnetic field to the source to produce a small Zeeman splitting, 
thereby creating a doublet (when a Polaroid Is Inserted) suitable for 
revealing resolution perfomance.
OBSERVATIONS
According to the amplitude of vibration (value of N) we can alter at 
will the number of orders of Interference In the field of view, and hence 
the dispersion.
Figure 2 shows two orders (2.5 mm ^p) and It Is seen that an admirable 
Intensity distribution Is secured. The oscilloscope trace Is bright and the 
photograph Is recorded In a fraction of a second. Some weak components are 
recorded. Figure 3 shows one order, with Increased dispersion and now the 
hyperfine structure In the source (for this low gap and for this type of 
source) Is excellently shown up. It will be noticed In figure 2 that the two 
peaks have the same Intensity, I.e. linear Intensity system, as predicted, 
and It will be remembered that the hyperfine structure components are also 
spaced linearly. Figure u shows one order again with the vertical amplifica­
tion of the oscilloscope Increased to reveal more clearly the weak
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Fig.6. Zeeman s p l i t t i n g  1,500 o e rs ted s .  F ig .7. Zeeman s p l i t t i n g  4,500 o e rs te d s .
components. Figure 5 shows a Zeeman splitting In a D.C. Osram mercury lamp 
produced with a field of 2200 oersteds and the clear-cut resolution Is 
still well shown. Even at 1500 oersteds (Fig, 6) resolution Is still well 
shown. The Zeeman splitting produced with a field of 4500 oersteds Is shown 
in figure 7. It Is of course self evident that with Intensity distributions of 
this quality the justifiable resolution exceeds the Rayleigh limit, for a 
dip of much less than 20% In the saddle Is readily accepted.
It Is to be noted that our system Is readily adaptable to the crossing 
of an Interferometer with a spectrograph and with decided advantage too.
It Is only necessary to place the receiving photomultiplier tube at the 
camera (plate holder) end of the spectrograph and we then use the whole 
silt as the source of light. Thus It Is not necessary to scan a narrow, 
horizontal silt mechanically across the length of the line, as would be 
the case If circular Fhbry-Perot fringes are being examined. Since the 
photomultiplier Integrates over the silt length, Intensity conditions do 
not suffer appreciably from the use of a small point source for Flzeau 
fringes. Indeed It Is clear that Intrinsic brilliance does not suffer.
(40305) 3-l.p9
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